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Sir: 

Responsive to the Communication Re: Appeal, dated July 24, 2006, enclosed is an 
amended copy of the Appeal Brief mailed May 5, 2006 and a copy of the post-card submitted 
with the May 5, 2006 Appeal Brief. The enclosed Appeal Brief differs from the May 5, 2006 
brief by not including a copy of U.S. Patent No. 5,981,247 in the Evidence Appendix, referring 
to "35 U.S.C. § 103" in the grounds for rejection and argument heading, and referencing the 
specification by page and line number in discussing independent claims 12 and 22 in the 
Summary of the Invention. 

The Communication indicated that applicant's Appeal Brief was not acceptable and the 
appeal was dismissed. Specifically, the brief was indicated not to contain a Related Proceedings 
appendix. 
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The patent office records (accessed through the PAIR system) for the original Appeal 
Brief filed February 10, 2006 and the amended Appeal Brief filed May 5, 2006, do not include a 
copy of U.S. Patent No. 5,981,247 or the related proceeding appendix page. The related 
proceeding appendix followed the patent. 

Applicant's copy of both previously submitted Appeal Briefs includes U.S. Patent No. 
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refers to an accompanying related proceedings appendix and U.S. Patent No. 5,981,247; and the 
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office has access to U.S. patents, the examiner did not think it was necessary to submit the patent 
as part of the evidence appendix. The examiner indicated if the patent needed to be provided, he 
could provide a copy. 

Applicants thank the examiner for his suggestions and efforts in moving the present 
appeal forward. 
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petitions for such extensions and authorize the charging of deposit account 13-2755 for the 
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REAL PARTY IN INTEREST 
The real parties in interest are Istituto Di Ricerche Di Biologia Molecolare P. Angeletti 
S.P.A., and Merck & Co., Inc. 
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RELATED APPEALS AND INTERFERENCES 
There are no pending related appeals and interferences. An Appeal Brief was filed in the 
parent application U.S. Serial No. 08/952,981. The parent application was allowed upon filing 
the Appeal Brief and did not go before the Board of Patent Appeals and Interferences. The 
parent application issued as U.S. Patent No. 6,383,768. A Terminal Disclaimer was filed in the 
present application with respect to U.S. Patent No. 6,383,768. 
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STATUS OF CLAIMS 
Claims 12, 14, 17, 18, 22 and 23 stand rejected. Claims 20 and 21 are allowed taking 
into consideration an after final amendment mailed September 14, 2005. The rejection to claims 
12, 14, 17, 18, 22 and 23 is being appealed. The claims involved in the appeal (claims 12, 14, 17, 
18, 22 and 23) are provided in the Claims Appendix. 
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STATUS OF AMENDMENTS 
A final amendment was filed September 14, 2005 addressing objections to claims 20 and 
22. The advisory action mailed October 28, 2005 indicated that for the purposes of appeal the 
amendment would be entered. 
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SUMMARY OF CLAIMED SUBJECT MATTER 
The present appeal includes two independent claims: claims 12 and 22. Claims 12 and 
22 are both directed to a method of identifying a Hepatitis C virus (HCV) RNA-dependent RNA 
polymerase inhibitor using HCV NS5B, where NS5B was expressed in either a eukaryotic or 
prokaryotic heterologous system. Reference to a eukaryotic or prokaryotic heterologous system 
indicates that the employed NS5B was recombinantly expressed using an artificial expression 
system. 

HCV is a virus that infects human liver cells and replicates in the infected cells. During 
replication in an infected cell, the HCV genome produces a precursor polyprotein. The precursor 
polyprotein is then cleaved into different proteins, which have different activities. 

The present application successfully establishes that NS5B produced in an artificial 
expression system provides RNA-dependent RNA polymerase activity encoded by HCV. NS5B 
is part of an HCV region designated NS5. The application further demonstrates that NS5B can 
be successfully purified to apparent homogeneity and have sufficient activity to be used in a 
method for identifying a HCV RNA-dependent RNA polymerase inhibitor. 

The method of claim 12 employs a HCV NS5B that was expressed in either a eukaryotic 
or prokaryotic heterologous system and purified to apparent homogeneity. (The specification at 
page 4, lines 1-6.) The method involves incubating in vitro a composition comprising the 
purified NS5B, ribonucleotide substrates, an RNA template, and a test compound under 
conditions suitable to provide RNA-dependent RNA polymerase activity in the absence of the 
inhibitor; and measuring the ability of the compound to affect RNA-dependent RNA polymerase 
activity. (The specification at page 1, lines 5-15 referencing RdRp, page 4, lines 20-24; and the 
examples provided on page 8, line 10 to page 13, line 35, and page 17, line 5 to page 18, line 
29.) 

Claim 22 is along the same lines as claim 12, but does not indicate the use of NS5B 
purified to apparent homogeneity. Claim 22 does indicate that HCV NS5B was expressed in 
either a eukaryotic or prokaryotic heterologous system. (The specification at page 4, lines 1-4.) 
Claim 22 is broader than claim 12. 



5 



GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

I. Claims 12, 14, 17, 18, 22 and 23 stand rejected as allegedly obvious under 35 U.S.C. 
§ 103 based on Tomei et al. (Journal of Virology 67(7): 4017-4026, July 1993). 
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ARGUMENT 

L Claims 12. 14. 17, 18, 22 and 23 are Not Obvious under 35 U.S.C. § 103 Based on 
Tomei et al. 

Obviousness under 35 U.S.C. § 103 is examined in light of the following factual inquires: 
(1) the scope and content of the prior art; (2) the differences between the prior art and claims at 
issue; (3) the level of ordinary skill in the art; and (4) secondary considerations. Graham v. John 
Deere,3S3 U.S. 1, 17-18 (1966). 

The provided obviousness rejection argues for different modifications to Tomei et al. The 
argued for modifications are viewed in the context of: (1) whether the prior art would have 
suggested those of ordinary skill in the art to make the claimed composition or carryout the 
claimed process; and (2) whether the prior art also reveals that those of ordinary skill in the art 
would have a reasonable expectation of success in making the composition or carrying out the 
process. In re Dow Chemical 837 F.2d 469, 473, 5 USPQ2d 1529, 1531 (FedCir. 1988). 

The suggestion and expectation of success must both be founded in the prior art, not in 
the applicant's disclosure. Id. In determining if". . . such a suggestion can fairly be gleaned 
from the prior art, the full field of the invention must be considered; for the person of ordinary 
skill is charged with knowledge of the entire body of technological literature, including that 
which might lead away from the claimed invention." In re Dow Chemical, 837 F.2d at 473, 5 
USPQ2dat 1531-1532. 

A. Claim 22 Distinguishes Tomei et al. by Employing HCV NS5B Expressed in 
Either a Eukaryotic or Prokaryotic Heterologous System 

The method of claim 22 distinguishes Tomei et al. by, for example, employing HCV 

NS5B expressed in either a eukaryotic or prokaryotic heterologous system to identify a RNA- 

dependent RNA polymerase inhibitor. Eukaryotic and prokaryotic heterologous systems are 

artificial expression systems that provide recombinantly expressed NS5B. Claim 22 describes 

using an in vitro composition comprising the recombinantly expressed NS5B under conditions 

where enzyme activity is produced in the absence of compound and measuring the ability of the 

compound to affect enzyme activity. 
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The rejection fails to consider the prior art as a whole, which includes references teaching 
away from the claimed invention. The prior art expresses doubt as to whether recombinantly 
expressed HCV NS5B is an authentic HCV protein, the prior art fails to provide data concerning 
NS5B activity, and the prior art provides evidence of secondary considerations supporting 
patentability. 

The prior art uncertainties concerning the relevance of recombinantly produced NS5B to 
a naturally occurring HCV protein impacts both: (1) motivation to modify Tomei et al. as 
suggested in the obviousness rejection; and (2) the likelihood of success in modifying Tomei et 
al. The uncertainty as to the relevance of recombinantly produced NS5B points away from the 
skilled artisan being motivated to use recombinantly expressed NS5B in a HCV RNA-dependent 
RNA polymerase assay looking for polymerase inhibitors. Such uncertainty is also evidence that 
at the time the invention was made, the skilled artisan would not have a reasonable expectation 
of success in using NS5B to generate HCV RNA-dependent RNA polymerase activity. 

1. Tomei et al. Concerns HCV Polvprotein Processing Using a 
Recombinant Expression System 

Tomei et al. identifies NS3 as a serine protease required for HCV polyprotein process. 
Tomei et al. does not provide data concerning recombinantly expressed NS5B activity or 
indicate that NS5B could be used in an assay to look for RNA-dependent RNA polymerase 
activity inhibitors. Instead of considering the relevance of the observations provided by Tomei 
et al. in light of the prior art as a whole, the rejection focuses on certain statements provided in 
Tomei et al. and assumes particular motivations. 

The obviousness rejection argues that Tomei et al. should be modified based on different 
motivations: (1) motivation to incubate NS5B, ribonucleotide substrates and an RNA template to 
characterize the function and role of protein(s) encoded by the NS5B open reading frame (ORF); 
(2) motivation to produce NS5B to determine whether proteolytic processing affects NS5B 
protein product; (3) motivation to vary the RNA templates and primers to characterize RNA- 
dependent RNA polymerase specific mechanism of action; (4) motivation to add ribonucleotide 
substrates and RNA template based on the suggestion in Tomei et al. that NS5B may encode a 
RNA-dependent RNA polymerase; and (5) motivation to identify potential HCV therapeutics 
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against HCV. (Final Rejection mailed 7/27/05, at pages 3-5, and the Advisory Action mailed 
10/28/05 at page 2, first paragraph.) 

The rejection argues for a reasonable expectation of success based on Tomei et al. and 
the high level of skill in the art. In discussing a reasonable expectation of success in modifying 
Tomei et al. to obtain the claimed assay, the rejection refers to Tomei et al. suggesting that the 
NS5B open reading frame encodes a RNA-dependent RNA polymerase, the high level of skill in 
the art, the HCV genome being processed in a similar manner as flaviviruses and pestiviruses, 
and the hydropathy profile of the HCV polyprotein being similar to that of the flavivirus. (See 
Final Rejection mailed 7/27/05, at pages 3-5, and the Advisory Action mailed 10/28/05 at page 
2, first paragraph.) 

2. The Significant Uncertainty Expressed in the Prior Art as a Whole 
Concerning Whether Recombinantlv Expressed NS5B is an Authentic 
HCV Protein or a Recombinant Expression Artifact Points Against 
both Motivation and a Reasonable Expectation of Success in 
Modifying Tomei et al. to Obtain the Claimed Assay 

Prior to the present application there was significant uncertainty concerning the relevance 
of HCV NS5B produced in recombinant expression systems, such as that employed by Tomei et 
al., to a naturally produced HCV protein product. NS5B is not directly produced from an open 
reading frame encoding the protein. The HCV open reading frame encodes a polyprotein. NS5B 
is produced from proteolytic processing of polyprotein. 

Motivations asserted in the obviousness rejection such as characterizing the function and 
role of NS5B and determining whether proteolytic processing affects NS5B, reflect the 
uncertainties in the art. Such motivations amount to an invitation to study HCV processing and 
do not provide motivation, or a reasonable expectation of success, to screen for inhibitors using 
recombinantly expressed NS5B. The high level of skill in the art relates to the ability of the 
skilled artisan to perform certain activities and does not resolve the scientific uncertainties 
existing in the prior art. 

The uncertainties concerning the relevance of recombinantly produced NS5B to authentic 
HCV products are reflected in the differences between published results obtained from HCV 
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infected liver cell versus recombinantly expressed HCV polyprotein. The uncertainties are also 

noted in cautionary language used in publications concerning recombinantly produced NS5B. 

Tsutsumi et al. (Hepatology 19(2), 265-272, 1994) observed that HCV in infected liver 

cells did not produce a protein with approximately the same molecular weight as NS5B: 

Grakoui et al. (15) reported that two proteins were derived from the HCV-NS5 
region: NS5A (58kD) and C-terminal NS5B (66 to 68 kD), when a cDNA 
encompassing the long open reading frame was used in vaccinia virus transient- 
expression assay. The NS5B protein was predicted to contain the RNA- 
dependent RNA polymerase activity on the basis of the presence of the 
characteristic Gly-Asp-Asp and surrounding conserved motifs. Although 
bacterially expressed HCV-NS5 peptide fragment was used for a part of NS5B 
protein in this study, the molecular size of HCV-NS5-related antigen detected 
in human liver was 86 kD and thus slightly larger than that of NS5B. This 
discrepancy may have resulted in different host cells, which were cultured 
mammalian cells in Grakoui 's study (15) and were human liver cells in this study. 
Furthermore, we observed the products derived from native HCV, whereas 
Grakoui et al. (15) observed the polypeptide expressed from HCV cDNA in 
vaccinia virus. [Emphasis added.] 

(Tsutsumi et al. starting at page 269, first column, second paragraph to page 270, first column.) 

The magnitude of the different molecular weights for the infected human liver and 
recombinantly processed HCV NS5 regions point to different proteins and not minor variations. 
The 86 kD molecular weight noted by Tsutsumi et al. is 21 kD or 25 % more than the Tomei et 
al. NS5B weight of 65 kD; and 18 kD or 21 % more than the upper 68 kD attributed to Grakoui 
et al. 

Tomei et al. mentions recombinantly produced NS5B, points out that the HCV NS5 
region is processed differently than flavivirus NS5B and merely speculates that NS5B may act as 
a viral replicase: 

The NS5 region of the HCV polyprotein is cleaved into two smaller 
products of 47 and 65 kDa; the processing of this region therefore differs from 
that of flavivirus NS5, which is released from the polyprotein precursor as a 
single protein of 1 10 kDa. The GDD consensus sequence characteristic of RNA- 
dependent RNA polymerases is located in NS5b (residues 2736 to 2738), 
indicating that this protein may act as a viral replicase during HCV-specific RNA 
synthesis (17). However, NS5a could also have a function in the replication of 
the viral genome, acting as a component of the replication complex involved in 
the reaction. [Emphasis added.] 

(Tomei et al. at page 4024, column 1, fifth paragraph.) 
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In considering the relevance of recombinantly produced NS5B, Tomei et al. in its 

concluding paragraph points out that recombinantly produced NS5B may not correspond to a 

naturally produced product: 

It is clear, however, that the results obtained with this transient expression 
system may not faithfully reproduce the proteolytic events which take place 
during HCV infection. It is possible that the level of protein expression obtained 
in this system may be much higher than normal, affecting important equilibria 
between precursors and proteases, which in turn may regulate HCV replication 
and protein synthesis. [Emphasis added.] 

(Tomei et al., at page 4025, first column, last paragraph.) 

Grakoui et al. (Journal of Virology 67(3), 1385-1395, 1993) in its concluding 

paragraph expresses a similar concern concerning the relevance of recombinant NS5B: 

The experiments reported here have given us a preliminary picture of 
HCV polyprotein organization and processing. However, this view is far from 
complete, and additional studies are needed to define polyprotein cleavage 
sites and the responsible proteinases and to verify that the products observed in 
these expression studies are similar to those produced in authentic HCV 
infections. Such information should prove valuable for expression and 
characterization of HCV-encoded enzymes as potential targets for antiviral 
therapy and will allow future studies . . . [Emphasis added.] 

(Grakoui et al. at page 1393, first column, third paragraph.) 

The present application demonstrates that recombinant NS5B provides for an HCV RNA- 

dependent RNA polymerase. Neither Tomei et al., Grakoui et al., or Tsutsumi et al. provide 

results demonstrating that an observed protein provides HCV RNA-dependent RNA polymerase 

activity. Thus, the present application, not the prior art, resolves the scientific uncertainties 

concerning the relevance of NS5B to providing RNA-dependent RNA polymerase activity. 

3. Apparent Failure. Difficulty Encountered by Others and Long-Felt 
Need Further Illustrate the Non-Obvioussness of the Claimed Assay 

Additional considerations illustrating the inventive nature of the claimed assay include: 
(1) apparent failure and difficulty encountered by others in demonstrating the HCV region 
responsible for RNA-dependent RNA polymerase; and (2) a long-felt need for an HCV RNA- 
dependent RNA polymerase assay to look for polymerase inhibitors. Apparent failure and 
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difficulty encountered by others is evident based U.S. Patent No. 5,98 1,24V 1 . The long-felt need 

is apparent based on the importance of HCV and the time delay between published speculation 

concerning the HCV RNA-dependent RNA polymerase and the present application. 

U.S. Patent No. 5,981,247 was filed September 27, 1996, and claims priority to a 

provisional application dated September 27, 1995. The provisional application date is about four 

months after the priority date for the present application. According to U.S. Patent No. 

5,981,247, in the Background of the Invention: 

The non-structural protein designated 5B (NS5B) has been shown to have an 
amino-terminal sequence SMSY (Ser-Met-Ser-Tyr). The NS5B region encodes a 
68 kd protein (p68) which contains an internal GDD (Gly- Asp-Asp) motif found 
in RNA-dependent RNA polymerases of other RNA viruses (Koonin, E. V. 
(1991)/. Gen. Virol 72:2197-2206). However, no polymerase activity has 
been detected for HCV p68. In fact, the question has been raised that the 5B 
protein (p68) alone does not encode an active RNA-dependent RNA polymerase 
enzyme and that another subunit, possibly the NS5A gene product, is essential to 
catalytic activity. Prior attempts by the inventors and others to express the 
NS5B coding region as a fusion protein, using existing expression systems 
that facilitate purification of the fusion product and specific cleavage have 
failed to yield any active polymerase. [Emphasis added.] 

(U.S. Patent No. 5,981,247, at column 1, line 59 to column 2, line 7.) 

The long felt-need is evident based on the medical importance of HCV, the desirability of 

an assay to screen for a HCV RNA-dependent RNA polymerase inhibitor, and the time 

difference between prior art speculations concerning HCV RNA-dependent RNA polymerase 

and applicant's priority application. Speculations concerning the HCV protein responsible for 

RNA-dependent RNA polymerase are noted at least as early as 1990. (E.g., Miller et al., Proc. 

Natl. Acad. Sci. USA, March 1990, 87(6), 2057-2061, at page 2061, first column, third 

paragraph). The present application has a priority date of May 25, 1995, which is more than five 

years after Miller et al. was published. 



1 U.S. Patent No. 5,981,247 corresponds to WO 97/12033. WO 97/12033, referenced by applicants during 
prosecution, was mailed to the Patent Office as part of a supplemental information disclosure statement (IDS) on 
April 26, 2005. According to the public PAIR and applicants records the IDS was received. However, applicants 
have not received an initialed version of the IDS. U.S. Patent No. 5,981,247 was previously made of record and is 
referenced in the present Appeal Brief. 
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4. The Provided Rejection Improperly Failed to Consider Prior Art 
Uncertainty as to Whether Recombinantly Expressed NS5B is an 
Authentic HCV Protein or a Recombinant Expression Artifact and 
Failed to Consider Secondary Considerations 

Applicants' arguments concerning prior art uncertainty on the importance of 

recombinantly expressed NS5B and secondary considerations appear to have been given no 

weight by the examiner. The examiner dismisses applicants arguments concerning prior art 

uncertainty on basis that applicants have not presented sufficient evidence that NS5B is an 

expression artifact. (Final Rejection mailed 7/27/05, at page 6, third paragraph; and Advisory 

Action mailed 10/28/05, at page 2 sixth paragraph.) The examiner dismisses applicants' 

arguments concerning secondary consideration on the basis that such arguments are apparently 

not directed to the rejection of record as it applies to the claims. (Final Rejection mailed 

7/27/05, at page 7, third paragraph; and Advisory Action mailed 10/28/05, at page 2, seventh 

paragraph.) 

The basis asserted by the examiner for dismissing applicants' arguments concerning prior 
art uncertainty and secondary consideration are improper. Applicants' arguments concerning 
prior art uncertainty goes to the state of art when the invention was made. Applicants are not 
arguing whether or not NS5B is in fact an expression artifact. In hindsight, based on the present 
application it is known that NS5B provides for RNA-dependent RNA polymerase activity. 

The uncertainty in the art at the time the invention was made concerning the relevance of 
recombinantly expressed NS5B points away from motivation to use NS5B in an assay to identify 
RNA-dependent RNA polymerase inhibitors and points away from a reasonable expectation of 
success. That the inventors were ultimately successful is irrelevant to whether the skilled artisan 
would have reasonably expected success at the time the invention was made. Life Technologies 
Inc. v. Clontech Laboratories Inc., 224 F.3d 1320, 1326, 56 USPQ2d 1186, 1191 (Fed. Cir. 
2000). 

The difficulty and apparent failure encountered by others in obtaining an active NS5B is 
directly relevant to claims. Claim 22 indicates the production of NS5B RNA-dependent RNA 
polymerase activity. Failure of other to produce such activity provides evidence of non- 
obviousness. 
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B. Claim 23 Further Distinguishes Tomei et al. by Measuring Primer 
Independent RNA-Dependent RNA Polymerase Activity 

Claim 23, which depends from claim 22, further distinguishes Tomei et al. by measuring 
primer independent RNA-dependent RNA polymerase activity. The rejection appears to argue 
that primer independent RNA-dependent RNA polymerase activity would be apparent based on 
characterization of NS5B RNA-dependent RNA polymerase activity. 

The rejection amounts to an invitation to experiment to characterize NS5B activity. The 
prior art fails to even demonstrate that NS5B provides for RNA-dependent RNA polymerase 
activity. Absent knowing that NS5B provides for RNA-dependent RNA polymerase activity the 
skilled artisan would not be motivated to further characterize the enzyme, or set up an assay to 
look for inhibitors by measuring primer independent RNA-dependent RNA polymerase activity. 

C. Claims 12, 17 and 18 Further Distinguishes Tomei et al. by Employing NS5B 
Purified to Apparent Homogeneity 

Claim 12 is along the lines of claim 22, but indicates that NS5B is purified to apparent 
homogeneity. Claims 17 and 18 depend from clam 12, and for the purposes of the rejection are 
argued with claim 12. 

Reference to purified to apparent homogeneity further distinguishes Tomei et al. by 
indicating a very high degree of purity. Claim 12 describes using such highly purified protein to 
provide for RNA-dependent RNA polymerase activity. 

The Patent Office bears the initial burden of presenting a prima facie case of 
unpatentability. In re Oetiker, 977 F.2d 1443, 1445, 24 USPQ2d 1443, 1444 (Fed. Cir. 1992). 
The rejection merely refers to high degree of skill in the art of protein purification. 

In addition, U.S. Patent No. 5,981,247 and Chung et al. (Hepatology, 16(4), 1992) point 
to prior art difficulties in obtaining purified HCV RNA-dependant RNA polymerase. U.S. 
Patent No. 5,981,247 refers to prior unsuccessful attempts to purify enzymatically active NS5B. 
(U.S. Patent No. 5,981,247, at column 1, line 59 to column 2, line 7, noted in applicants 
Argument Section I.A.3. supra.) 

Chung et al. is an abstract mentioning attempts to obtain HCV RNA-dependent RNA 
polymerase from liver tissue. Chung et al. references activity obtained with partially purified 
extracts. Reference to only partially purified activity is consistent with failed attempts to obtain 
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a purified product. Failed purification attempts are evident based on the use of different 
chromatographic techniques and the desirability to obtain a purified enzyme for further study. 



D. Claim 14 Further Distinguishes Tomei et al. by Measuring Primer 
Independent RNA-dependent RNA Polymerase Activity. 

Claim 14, which depends from claim 12, further distinguishes Tomei et al. by measuring 
primer independent RNA-dependent RNA polymerase activity. The rejection appears to argue 
that primer independent RNA-dependent RNA polymerase activity would be apparent based on 
characterization of NS5B RNA-dependent RNA polymerase activity. 

The rejection amounts to an invitation to experiment to characterize NS5B activity. The 
prior art fails to even demonstrate that NS5B provides for RNA-dependent RNA polymerase 
activity. Absent knowing that NS5B provides for RNA-dependent RNA polymerase activity the 
skilled artisan would not be motivated to further characterize the enzyme, or set up an assay to 
look for inhibitors by measuring primer independent RNA-dependent RNA polymerase activity. 
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CONCLUSION 

Appellants request that the Board of Patent Appeals and Interferences reverse the 
outstanding rejections of claims 12, 14, 17, 18, 22 and 23. 

Please charge deposit account 13-2755 for fees due in connection with this Appeal Brief. 
If any time extensions are needed for the timely filing of the present Appeal Brief, Appellants 
petition for such extensions and authorize the charging of deposit account 13-2755 for the 
appropriate fees. 



Respectfully submitted, 



By, 



Sheldon O. Heber 
Reg. No. 38,179 
Attorney for Applicant(s) 

Merck & Co., Inc. 
RY60-30 
P.O. Box 2000 
Rahway, NJ 07065-0907 
(732) 594-1958 
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m 1 8 2006 ** ] Claim 12. A method for identifying a HCV RNA-dependent RNA polymerase inhibitor 
^oa^^ m P risin S : 



AIMS APPENDIX 



(a) incubating in vitro a composition comprising a purified HCV NS5B 



recombinant protein, ribonucleotide substrates, an RNA template, and a test compound, under 
conditions suitable to produce NS5B RNA-dependent RNA polymerase activity in the absence 
of said compound, wherein said recombinant protein was expressed in either a eukaryotic or 
prokaryotic heterologous system and purified to apparent homogeneity; and 

(b) measuring the ability of said compound to affect said NS5B RNA-dependent 
RNA polymerase activity. 

Claim 14. The method of claim 12, wherein said method measures primer independent 
RNA-dependent RNA polymerase activity. 

Claim 17. The method of 12, wherein said NS5B has the amino acid sequence of SEQ 
ID NO:l. 

Claim 18. The method of claim 12, wherein said NS5B is produced from a NS2-NS3- 
NS4-NS5 polyprotein by means of multiple proteolytic events that occur in an organism 
expressing nucleic acid encoding said NS2-NS3-NS4-NS5 polyprotein, followed by purification 
of said NS5B. 
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Claim 22. A method for identifying a HCV RNA-dependent RNA polymerase inhibitor 
comprising: 

(a) incubating in vitro a composition comprising HCV NS5B, ribonucleotide 
substrates, an RNA template, arid a test compound, under conditions suitable to produce NS5B 
RNA-dependent RNA polymerase activity in the absence of said test compound, wherein said 
HCV NS5B was expressed in either a eukaryotic or prokaryotic heterologous system; and 

(b) measuring the ability of said test compound to affect said NS5B RNA- 
dependent RNA polymerase activity. 

Claim 23. The method of claim 22, wherein said method measures primer independent 
RNA-dependent RNA polymerase activity. 
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OA Ck DETECTION OF HBV ON A BY L1CASE CHAIN REACTION (LCR), 
A HICHLV SENSITIVE AND QUANTIFIABLE DNA PROBE ASSAY 
H. H'"^ 11 Bi Goergen 2 , B. Grimm l . H. Winder ! JUfljgl . R. P ^U ff l. 
g -H. Meyer mm Bueschenf e lde2. R, frlheflimd'. ffltf G, fatten*. 
1 Abbott GmbH Dtignostika, HAD Europe. 62 Wiesbaden- Delkenheim. FRC 
2 Med. & PolUdinilc. Johannes Cutenberf-Univerxitat. 65 Maim. FRO 

Introduction: Detection and quantitation of HBV DNA is very important 
for monitoring success of interferon therapy of patients with chronic ictive 
hepatitis. Currently available commercial tests detecting HBV DNA without 
target amplification have detection limits of around 2-1 0p| DNAAnl sample. 
Assays including amplification of target (Polymerase Chain Reaction. PCR) 
have shown the din teal need to monitor HBV DNA levels below 2pg/mL 
However PCR is not routinely available and technically difficult to perform. 
We report here a new HBV DNA detection assay based on a semi -quantitative 
LCR including automated detection with sensitivity equivalent to PCR. 
Material* ami Methods: 20 serum samples from different groups of 
patients with hepatitis B virus infection (HBV carriers with high viremia 
(HBV DNA and HBeAg positive), low viremia (tnti-HBc and HBV DNA PCR 
positive) and asymptomatic HBV carriers (anti-HBc positive. PCR negative)) 
as well as HBV DNA dilution panels were investigated using LCR. HBV- DNA 
was assayed by solution hybridization assay (Abbott) and by PCR as earlier 
described (Ccrken ct ai. 1991. Hepatoiogy 1L pi 58- 1 66). LCR assay for HBV 
DNA (Haropl et al. 1991. in "PCR -Topics" Sprinter Veriag, p 15-22) was done 
using a set of 4 probes which originate from a conserved genome region of the 
HBsAg. Total length of each 2 adjacent probes is 48 bases. After 45 cycles in 
a therinocycler. analysts was done in the IMxTM •detection system (Fiore 
198S\ Chem M. 1726-1732). 

Rtiults: LCR assay showed sensitivity of about lOfg HBV- DNA per ml 
sample, equivalent to about 2000 genome copies/mL Values were linear from 
50-BOOfg/ml with an intra assay variation of 10%. With a 5 ill sample this is 
equivalent to a detection limit of 10 molecules HBV DNA. LCR issiy was able 
to detect quantitatively HBV-DNA in 16/16 PCR reactive samples. All 
samples (n=4) positive in solution hybridization assay were found positive in 
LCR assay When samples were HBeAg positive, the HBV DNA LCR tignal was 
highly positive in all (n=5) instances. One sample (negative in PCR. HBsAg 
positive) was found to be weak positive in LCR. 

Conclusion: A new semi-quantitative molecular assay for HBV-DNA 
in serum based on LCR technology was developed. Within the limits of 
this study, sensitivity of the LCR assay is equivalent to PCR with the 
additional advantage of an automated detection system (Abbott IMxTM) 
analysing 24 samples within 30 minutes. 




OCH IDENTIFICATION AND CHARACTERIZATION OF A HEPATlTlS&e 
OOU VIRUS-SPECIFIC RNA -DEPENDENT RNA POLYMERASE ACTT*^ 
FROM EXTRACTS OF INFECTED LIVER TISSUE. 

RT ChurtP nnd LM Knphm. Gadruinieslinal Unil. Massachuscilj General 
Hospital Boston, MA * -f 

Hepatitis C vims (HCV) is a positive-stranded RNA vints whose general^ 
organization closely resembles (hat of the flavi viruses and pesti viruses, whidr? 'f, 
replicate their genomes by direct RNA-lo-RNA transcription. Taken together*^ 
with the lack of evidence for a DNA intermediate in the HCV lifctycle. thU^ 
genetic similarity suggests that the HCV genome is replicated by means 6(^0* 
viral RNA-dependent RNA polymerase (RdRp) activity. Using a partially 
double-stranded RNA as primer-template, we have developed an assay to detect ^ 
RdRp activity in HCV-infected liver tissue. Wc prepared cellular extrae^^p . 
from fresh naiive liver tissue obtained from two HCV-infccted and two £|j§ 
uninfected recipient of orthotopic liver transplants. For eacfcV^jg 
preparation, tissue homogcnaics and various sub fractions were incubated .'rj 
in an RNA polymerase assay mixture containing buffer, divalent cations *".'. 
and all four ribonucleoside triphosphates (including J H-UTP). in the^£jj| 
presence of a synthetic RNA primer- tempi ate containing sequences from "c^|f 
the 5'-unlranslalcd region of the HCV genome. Reactions were incubated ^fgf 
at 37*C and polymerase activity measured as incorporation of 3 H-UMP J'^g 
into acid-prcci pi table material. : 1 a*s 

Wc detected RdRp activity in extracts of HCV-infccted liver tissue ^HS 
that was dependent on the addition of exogenous primer-template RNA. 
In contrast, similar activity was not delectable in liver extracts from v £jjj^ 
uninfected individuals. The HCV infection-specific activity is inactivated V ^$ 
by heaL is time- and dose-dependent, requires divalent cations, and is 
resistant to the DNA-dependent RNA polymerase inhibitors actinomycin .V^f 
. D and o-amanitin. The activity is dependent on the presence of all lbur= 
ribonucleoside iri phosphates, as well as both template and primer RNA 
strands, indicating that the incorporation reflects the elongation activity of 
an RNA-dependent RNA polymerase. Digestion with a variety of ,\Ji 
proteases and nucleases revealed that the product is a double-stranded 
RNA species. Denaturing agarose gel electrophoresis demonstrated i '/ 
incorporation of radiolabeled nucelotidcs into full-sized, template -length ! ;yi 
product after incubation for 30 minutes. We have partially purified the V? 
enzymalic activity using a variety of chromatographic separations. The - 
development of an assay for HCV RdRP and the isolation of complexes 
containing replicase activity should he a useful step in the elucidation of 
the mechanisms of HCV RNA replication and the identification of 
compounds that can interrupt the viral rcplicative cycle. 
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HCV UNDERGOES EXTtRSIVE MUTATIONAL CHANGE IH NS5 REGION IN 
ASSOCIATION WITH RELAPSE/BREAKTHROUGH FOLLOWING ALPHA- 
INTERFERON THERAPY . Sydney D. Fiakelstein, Raonlf Sayegh. 
Sonia Uchman, Steven Christensep, Patricia Swalsky . 
Departments of Pathology and Gastroenterology, Rhode Island 
Hospital. Brown University, Providence, RI 

The. factors determining interferon responsiveness in the 
treatment of HCV infection likeiy involve both virologic and 
host immuriolbgic mechanisms. 1 To evaluate virus related 
factors-, we "reverse transcribed, amplif ied by single stage 
(35 cycles)- PCR, and directly sequenced HCV RNA from the 
serum of .15 paxients prior to and 6 patients, in relapse/ 
breakthrough following alpha-lnterf eron therapy. ,Four ( 
recioti'S <f£ the virus were studied corresponding tD the 5 
non translated. NS3,NS4, and NS5 regions. Nucleotide base 
sequences and resulting aminoacio 1 (aa> sequences were 
compared between patients and to the prototype US strain. 

Direct sequencing demonstrated similarity to prototype 
virus "confirming specif ic amplification. In no instance 
was' the HCV gene sequence 'identical between different 
patients. Alterations resulting in nucleotide and aa 
substitutions were found in all cases and for all regions 
occurrii^ ina.honrandom manner at predictable points of 
mutability. Insertions or deletions were not identified. 
The mutational face was greatest for the HS5 region which 
proved the most informative. Untreated patients manifested 
a low rate of NSS region mutation 1 , averaging. 12 per 100 
bases and 4 per 100 aa, with some -patients shoving a 
higher level of mutability^ Patients" re lapsing following 
interferon treatment showed a striking degree of NS5 region 
mutation, averaging 32 per 100 bases and 28 per 100 aa. 
Nonrandom mutability seen following therapy involved and 
extended sites already shown to be undergoing change in 
untreated, infection. The evidence suggests that mutability 
is e fundamental property of the virus, active during 
untreated disease and especially rapid in relationship to 
interferon therapy. Mutation of the NS5 region may be 
associated with treatment failure and its detection may be 
predictive of ultimate therapeutic responsiveness. * It is 
proposed that those patients in whom the virus has already 
mutated significantly during untreated disease may 
represent- the: subset likely to prove less responsive to 
standard therapy. 



352 LYMPHOCYTE SUBSETS AND PROLIFERATIVE RESPONSES TO 
RECOMBINANT HCV ANTIGENS IN PATIENTS WITH CHRONIC 
HEPATITIS C. H, Schupper. P. ■ Havashl. J. Eeldle. UC Davie 
Medical Center* y, PaqJ^erorti, S r Acefctupo, p t po^apd, 
Sacramento Medical Foundation Center for Blood Research, J. 
Scheffel . Abbott Laboratories. 

Purpose: To determine proliferative responses 
of . lymphocyte subsets to recombinant HCV (rHCV) 
antigens. Methods: Lymphocytes from 16 HCV chronic 
t hepatitis patients were examined. All 16 patients 
. were seropositive by enzyme immunoassay (EIA) and 
4-antigen recombinant immuhoblot assay (RIBA.II). 
7. healthy seronegative persons were tested as 
controls. Lymphocyte subsets were determined by 
dual color flov cytometry. After a 5 day 
incubation with optimal amounts of recombinant. HCV 
antigen, proliferative responses were measured by 
staining lymphocytes with propidium iodide then 
guahtitating the t S phase cells by flow cytometry 
(FACScan, Cellfit software). Results: 7 patients 
had ah increase in the percentage of cytotoxic 
non-^MHC-r^stricted T cells. 2 patients had 
decreased CD4/CD8 ratios (0.6). Otherwise the 
numbers of CD19 B cells, CD 3 , CD4, or CD8 T cells 
and NK cells in patients did not differ from 
controls* In vitro proliferative responses to PHA 
were decreased in 3 of 16 patients. ^ 

Lymphocyte Responses to rHCV antigens 

Ap #pte w > 4% S phase/ #etrle w > 4% s/ 

/pt» tested #ctrla tested 



CKS E.coli Ctrl 
SOD yeast ctrl 
c22 SOD 
c 100-3 SOD 
CXS-33C (RS 3) 
CKS -core 
CXS-E? (NS S) 



1/12 
0/12 
11/11 
9/11 
6/10 
5/8 
•0/10 



1/7 
0/7 
0/7 
0/7 
0/7 
0/7 
0/7 



When antibody was. detected on RIBA, there was a 
lyTnph9pr0J.iferatjl.0n .JLr> response to the relevant 
HCV antigeri . ^pgaclusions : 1) there is an increase 
IS *ari uhu^val' subset of T 'ceils in HCV infected 
individuals; 2) cellular immune response of PMC T 
cells parallels humoral immunity. 
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Hepatitis C virus is a positive single-strand RNA 
distantly related to flavi viruses. Therefore RNA 
ilicase, an RNA-dependent RNA polymerase, may be 
ttial for the replication of hepatitis C virus, as well 
other RNA viruses. In this study we synthesized the 
l^combinant polypeptide (HCV-NS5 antigen) with a 
[|$76 bp cDNA encoding a part of the NS5 region of the 
JftCV genome that has the Gly-Asp-Asp motif. The 
^uitibody against this polypeptide was obtained from 
[Rabbit serum. In Western-blot analysis with NS5 IgG 
feSCV antibody, an 84-fcD protein was clearly detected as 
single band in the microsomal fraction but not in the 
:lear and mitochondrial fractions or in the cytosol 
ion. Immunohistochemically, HCV-NS5 antigen 
clearly stained in the cytoplasm of hepatocytes but 
tot in the nucleus or cell membrane. Moreover, as 
[etermined on immunoelectron microscopy, HCV-NS5 
[gen was demonstrated with fine granular distri- 
tiition along the endoplasmic reticulum but not in 
ter organelles, including the nucleus and mito- 
tondria. Immunoreaction in other cell types was 
egative. These results indicate that replication of 
[CV may occur only in hepatocytes and that HC V-NS5 
iay be produced in the endoplasmic reticulum of these 
HCV-NS5 antigen was stained only in the livers of 
lepatitis C virus— positive patients but not in sections 
patients with chronic type B hepatitis or alco- 
feholic fibrosis. In chronic type C liver disease, the 
Overall detection rate of HCV-NS5 antigen was 56% 
|33% in chronic persistent hepatitis, 52% in chronic 
hepatitis and 86% in cirrhosis). These results 
^indicate that the replication of HCV may occur more 
[uently in the advanced than in the early stages of 
C hepatitis. Recently, interferon has been used for 
^treatment of chronic type C hepatitis. However, it is 
very difficult to determine when HCV is eliminated 
]|rom the liver, even if hepatitis C virus RNA is not 
^detected in serum. Immunostaining of HCV-NS5 an- 
»en in liver biopsy sections may be helpful in evalu- 
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ating the cessation of HCV replication. (HEPATOLOGY 
1994;19:265-272.) 

Hepatitis C virus (HCV) is a major causative agent of 
non-A, non-B hepatitis that is associated with the 
development of cirrhosis and HCC (1). Although the 
mechanism of liver injury by HCV infection is still 
unknown, the replication of HCV does play a key role in 
the development of liver injury. However, the replication 
of HCV demands the participation of a specific enzyme 
capable of forming new RNA strands on parenteral RNA 
templates, because HCV is a plus-strand RNA virus (1, 
2). An RNA-dependent RNA polymerase, called RNA 
replicase, may therefore be necessary for the replication 
of HCV. 

Recently, we reported a method for the detection of 
HCV RNA genomes encoding a part of the NS5 region in 
patients' plasma (3, 4). The 401 bp cDNA encodes the 
Gly-Asp-Asp motif of RNA replicase, an important 
position for its activity (5). In this study we synthesized 
a recombinant polypeptide (HCV-NS5 antigen) with a 
cDNA encoding the Gly-Asp-Asp motif, and using the 
rabbit antibody against this polypeptide, we determined 
the intralobular distribution of HCV-NS5 antigen, 
which may include RNA-dependent RNA polymerase 
(HCV polymerase), immunohistochemically. Immuno- 
electron microscopic investigation was also used to 
clarify the intracellular site of replication of HCV. 

MATERIALS AND METHODS 

Patients. Needle-biopsy samples of human liver were 
obtained from 34 patients with chronic type C liver disease, 
including 6 with chronic persistent hepatitis (CPH), 21 with 
CAH, 7 with cirrhosis, 5 with alcoholic fibrosis and 5 with type 
B chronic hepatitis (Table 1). A part of each liver specimen 
(about 60% to 65%) was used for diagnostic purposes. The 
remainder was embedded in Tissue- Tek medium (Miles Inc., 
Diagnostics Div., Tarrytown, NY) after fixation with 2% 
periodate-lysine paraformaldehyde and was stored at - 20° C. 
HCV antibody (anti-HCV) was determined in serum with a 
second-generation enzyme immunoassay (Dainabot Co., Ltd., 
Tokyo, Japan) (6), and HCV RNA getiome encoding the NS-5 
region (HCV-NS5) was detected wit(h the one-stage reverse- 
transcription polymerase chain reaction (RT-PCR) method as 
reported previously (3, 4). In the HCV-NS5 negative serum, 
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SSSfof HCV-NS6 antigen is not abolished by pretreatment «,th RNase. 

Table 1 Subjects and detection rate of HCV-NS5 by inununostaining and HCV RNA by in situ hybridization * 
" liver sections 



HCV marker status 

HCV marker-positive 

CPH 

CAH 

Cirrhosis 
HCV marker-negative 

Chronic type B hepatitis 

Alcoholic fibrosis 



HCV-NS5 antigen (%) 

19/34 (55.9) 

2/6 (33.3) 

11/21 (52.4) 

6/7 (85.7) 

0/10 (0) 

0/5 (0) 

0/5 (0) 



HCV RNA (%) 

23/27° (85.2) 
2/3 (66.7) 
18/21° (85.7) 
3/3 (100) 
0/10 (0) 
0/5 (0) 
0/5 (0) 



*p < 0.02 vs. HCV-NS5 antigen by the x test. 

HCV RNA genome of the 5'-noncoding region (HCV-5 ' NO was 
also detect^ with the two-stap PCR ^^^F^^ 
Okamoto et al (7). HBsAg and HBV core antibody (anti-HBc) 
- makers of HBV infection. In patients 
found to have type C chronic liver disease at least one of the 
serum HCV markers was positive, but HBV markers were 
negative. In patients found to have chronic type B liver disease, 
HBs antieen was positive, but all HCV markers were negative. 
SiSSS^^ fibrosis, both HCV and HBV markers 
were negative (Table 1). Liver specimens were also obtained 
from seven patients with chronic type C hepatitis immediately 
after treatment with interferon for 6 mo. In all of these 
patients, HCV-NS5 antigen in a liver section was positive 
before interferon treatment. 

Preparation of Antibody. A cDN A encodmg ■. 
HCV-NS5 region between residues 2,636 and 2,827 was 
Eby means of RT-PCR from HCV-K1 (4) and was 



inserted into pET8c vector carrying a promoter for T7-RNA 
polymerase (8). Nucleotide sequence analysis indicated that 
the sequence contained nucleotides without stop codon and 
included Gly-Asp-Asp motifs near the f ^ter of the ampMed 
fragment (residues 2,736-2,738). Peptides of 26 kD and 23 kD 
were synthesized in Escherichia coli and comprised as much as 
90% of total bacterial proteins. Sequential Edman degra- 
dation analysis of the NH 2 -terminal sequence of the two 
products indicated that they were derived from HCV cDNA 
and that 23-kD products were generated from a 26-10J 
polypeptide by processing of the C-terminal d °mam ^tibody 
was then raised against these purified polypeptides (HCV-Nb. 
antigen) in male New Zealand white rabbits with standarc 
immunization techniques. The IgG fraction (anti ; HCV-Nbc 
IgG) was purified by means of caprylic acid-ammonium sulfate 
fractionation (9). 

Immunohistochemical Procedure. Immunohistochemica 
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and immunoelectron microscopic studies were performed in 
blinded fashion to evaluate the results of virus markers in 
blood. Frozen liver sections 5 to 6 \Lia thick were cut from 
embedded tissue blocks on a cryostat at - 20° C and air dried. 
After rehydration in PBS (100 mmol/L, pH 7.4), tissue sections 
were initially treated for 5 min with 0.03% hydrogen peroxide 
in methanol to eliminate endogenous peroxidase activity. After 
washing with PBS, sections were incubated with normal goat 
serum for 5 min to block nonspecific binding protein. Sections 
were additionally incubated with blood group antigens A, B 
and H (Dako Japan Co., Ltd., Kyoto, Japan) for 30 min at room 
temperature to prevent nonspecific reactions. After treatment 
with avidin-blocking solution (Dako Japan Co., Ltd.) and 
biotin4>locking solution (Dako Japan Co., Ltd.) for 15 min 
each, sections were incubated with anti-HCV-NS5 IgG for 30 
min at room temperature. After washing with PBS, sections 
were incubated with biotin-labeled goat anti-rabbit IgG for 10 
min at room temperature. Sections were then incubated with 
peroxidase-labeled streptavidin for 10 min at room temper- 
ature. After washing with PBS, peroxidase activity was 
- developed in 50 mmol/L Tris-HCl buffer, pH 7.4, containing 
3,3'-diaminobenzidine (0.3 mg/ml) and hydrogen peroxide 
(0.05%) for 5 min. Sections were subsequently counterstained 
with methylgreen or hematoxylin. Three types of control 
reactions were performed: (a) substitution of an equivalent 
amount of preimmune rabbit IgG for the primary antibody 
(rabbit anti-HCV NS5 IgG), (b) use of primary antibody that 
had been preabsorbed with its antigen and (c) omission of the 
primary antibody. 

For the immunoelectron microscopic study, sections treated 
with anti-HCV-NS5 IgG were fixed with 1% osmium tetroxide 
in a veronal acetate buffer after development of peroxidase 
activity with diaminobenzidine. After dehydration with graded 
alcohols, the sections were embedded in Epon 812 (Serva 
Feinbiochemica GMBH & Co., Heidelberg, Germany). Ul- 
trathin sections were obtained with the use of a diamond knife 
on an LKB-4800 ultramicrotome (LKB-Produkter AB, 
Bromma, Sweden), stained with lead hydroxide and examined 
under an electron microscope (Hitachi H-500; Hitachi Denshi 
Ltd., Tokyo, Japan). 

Other Methods. Liver biopsy specimens, which were positive 
for staining of HCV-NS5 antigen, were homogenized in ice-cold 
50 mmol/L Tris-HCl buffer, pH 7.4, containing 1.15% KC1, 
1 mmol/L EDTA, 0.5 mmol/L phenylmethylsulfonyl fluoride 
and 0.02 mmol/L butylated hydroxytoluene (homogenate 
fraction) and were then centrifuged at 9,000 g for 30 min. 
Nuclear and mitochondrial fractions were obtained from the 
pellet. After calcium chloride was added to a final concen- 
tration of 8 mmol/L, the supernatant was recentrifuged at 
i5,000 g for 30 min. A cytosol fraction was obtained from the 
supernatant, and a microsomal fraction was obtained from the 
peDet (10). 

SDS-PAGE of the liver fractions was performed according to 
the method of Laemmli (11) with a separating gel containing 
7.5% acrylamide. After electrophoresis, the resolved proteins 
were transferred to nitrocellulose as described by Nielsen et al. 
(12). The protein blots were immunochemically stained by 
means of consecutive incubation with rabbit anti-HCV-NS5 
IgG and horseradish peroxidase-conjugated goat antirabbit 
IgG. Blocking, washing and antibody incubation steps were all 
performed at room temperature in PBS containing 5% (wt/vol) 
nonfat dry milk protein. Peroxidase activity was subsequently 
localized on the nitrocellulose filter with 4-chloro-naphthol 
(2.8 mmol/L in 17% methanol) as chromogen (13). 

A portion of the liver specimens obtained from many of the 
Patients was also embedded in Tissue-Tek medium after 




Fig. 2. Staining reactions of HCV RNA by in situ hybridization in 
liver sections with chronic type C hepatitis (x200). (a) HCV RNA 
stained only in hepatocytes. (b) Positive staining of HCV RNA is 
abolished by pre treatment with RNase. 



fixation with 4% paraformaldehyde and was stored at - 20° G 
On the frozen liver sections, HCV RNA was stained by means 
of in situ hybridization with a cDNA probe for the core region 
according to the method of Tanaka et al. (14). 

RESULTS 

HCV-NS5 antigen was clearly stained in hepatocytes 
of patients with chronic type C liver disease (Fig. la). 
The immunostaining of HCV-NS5 antigen was observed 
only in the cytoplasm of hepatocytes in a granular 
fashion and not in the nucleus or cell membrane. In 
other types of liver cells, including infiltrating lympho- 
cytes, HCV-NS5 antigen was not stained. This positive 
immunochemical reaction was not obtained in the same 
liver section when preimmune rabbit IgG was substi- 
tuted for anti-HCV-NS5 IgG (Fig. lb). Prior absorption 
of anti-HCV-NS5 IgG with its immunogen completely 
abolished specific immunostaining, as did omission of 
the primary antibody from the staining procedure (Fig. 
1c). However, positive immunostaining of HCV-NS5 
antigen was unchanged in sections pretreated with 
RNase (100 \ig/ml) at 37° C for 20 min (Fig. Id). HCV 
RNA was also clearly stained by in situ hybridization in 
the cytoplasm of hepatocytes but not in other organelles 
or in other types of liver cells (Fig. 2a). However, positive 
staining of HCV RNA was not found in sections 
pretreated with RNase (Fig. 2b). 
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, on,. PAGE and Western-blot analysis of human liver tissue 
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with molecular weights. 



Western-blot analysis with HCV-NS5. IgG after 
SDS PAGE of HCV marker-positive human liver 
252? shlwn in Figure 3 A 
rnoWular weight of 84 kD was observed in both the total 
^SnaS and the microsomal fractions but not in 
thf nudSff and mitochondrial fractions or m the 
SEJdLNd Snds were detected by Western-blot 
Svsis of peripheral blood mononuclear cells. 

HCV NSs itigtn was stained only in liver sections 
frim HCV-DOsitive patients and not in sections from 
XS^S^c type B ^ or ^hohc 
fibrosis HCV-NS5 antigen was detected in 19 ol ,54 no v 
nSer-pos^ive patients (56%). The detection rate was 
5K to CPH 52% in CAH and 86% in cirrhosis. HCV 
|^A wa7a?so stained by in situ hybridation m hver 
sections only from HCV-positive patients HCV RNA 
was deicted in 23 of 27 HCV marker-positive patients 
WtfiSLng a significantly higher detection rate 
than that of HCV-NS5 antigen by the x .test The 
detection rate of HCV RNA was 67% m CPH, 86% in 
PAH and 100% in cirrhosis (Table 1). 

HCV^NSS antigen was stained in the hepatoses of aU 
agones. Its location was not plated to round ceU 
Sation. The staining pattern in hepatocytes^ m* > one 
Soiree types: diffuse, clustered or patchy. In the diffuse 
nattera HCV-NS5 antigen was stained throughout the 
Actions (Fig. 4a). In the cluster pattern, groups of 
hlpato^tes in some parts of the section were stained 

isolated hepatocytes were stamed (Fig. 4c). The staining 
oatteros of HCVRNA by in situ hybridization m liver 
S obtained from the same patients as shown m 
Fiimre 4d e and f, were quite similar to those ot 
Hc£nSS T'a^tSn in the corresponding liver sections 
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fFiff 4a b and c). In two cases of CPH, which were 
HCV-NS5 antigen-positive, the staining pattern was 
patchy. In 11 cases of CAH, the patchy pattern .was seen 
Si two cases, the cluster pattern in seven and the diffuse 
nattern in one. In six cases of cirrhosis, the cluster 
pattern was found in two and the diffuse pattern m four 
Distribution of the staining patterns of HCV RNA m 
each type of HCV-related disease was similar to that of 
HCV-NS5 antigen, although the difruse pattern tended 
to be more frefuent for HCV RNA (Table 2). 

As determined on immunoelectron microscopy, 
HCV-NS5 antigen was stained in the cytoplasm of some 
but not all hepatocytes (Fig. 5a). At high magnification, 
HCV-NS5 antigen was stained in a fine granular fashion 
at the site of the endoplasmic reticulum (Fig. 5b). 
However, the other hepatocytic organelles, mduding the 
mitochondria and nucleus, were not s tamed The gy- 
coeen areas of the hepatocytes were also negative (Fig. 
5c). There was no staining in the Disse spaceand m 
nonhepatocytic cells. In HCV-negatave cases, HCV-NS5 
Sgen wSnot stained in any part of the hepatocytes 
except for an endogenous peroxidase reaction in the 
lysosomes (Fig. 5d). , . . 

In four of seven patients who were treated with 
interferon for 6 mo, HCV RNA in serum became 
negative at the end of the treatment. However, 
HCV-NS5 antigen and HCV RNA in hver sections were 
still positive in one patient but were negative in three 
patients. In all three patients who were positive for HCV 
RNA in serum at the end of interferon treatment, 
HCV-NS5 antigen and HCV RNA in hver sections were 
positive (Table 3). 



DISCUSSION 

HCV is a positive single-strand RNA virus distantly 
related to flaviviruses (1, 13). Therefore RNA replicase, 
an RNA-dependent RNA polymerase, may be necessary 
for the replication of HCV, as well as other RNA anises. 
RNA replicase has the motif characterized by a Tyr-Gly- 
Asp-(Thr)-Asp, which may be important m polymerase 
function by direct action in catalysis or by bmding 
maenesium (5). In this study we synthesized the 
ZSSSZt polypeptide with a 576-bp cDNA encoding 
apar?of\he NS5 region of the HCV genome .which has 
the Glv-Asp-Asp motif. Therefore an antibody against 
ZrZomhirJt polypeptide (anti-HCVNS5 IgG) may 
recognize HCV polymerase-related f ?^igen_ 

In Western-blot analysis with anti-HCV-NS5 IgG an 
84-kD protein was clearly detected as a single band in toe 
microsomal fraction but not in the nuclear, mitochon- 
drial or cytosol fractions. These results indicate that 
HCV-NS5 antigen, which may include HCV polymerase 
is present in hepatocytes and may be produced in the 
rough endoplasmic reticulum. Immunohistochemicauy, 
HCV-NS5 antigen was revealed in the cytoplasm ol 
hepatocytes but not in the nucleus or cell membrane 
MoreovS; as determined on 
croscopy, HCV-NS5 antigen was stained in fine granular 
fashion along the endoplasmic reticulum but not 
other organelles. These results are compatible with the 
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i nf^S ? ° { HCV fi 5 ■? ^ d HC Y-^ NA in liver sections <> f HCV-positive patients ( x 200). The immunostaining 
"K? 1 . ^^7^ S l parated mt0 . three *P« : dlff ^ se durter (b) and patchy (c). The staining pattern of HCV RNA^W 

tectems that were obtained from ^the same patients showing (a), (b) and (c), respectively, was similar to that of HCV-NS f ant^n* Z 
corresponding liver section (d-f). Arrows denote positive cells. * en 111 tne 



fflypothesis that RNA replicase is usualJy formed just 
#er the viral RNA enters the cell and attaches to host 
^lbosomes (2). 

. Grakoui et al. (15) reported that two proteins were 
#rived from the HCV-NS5 region: NS5A (58 kD) and 
|P^rminal NS5B (66 to 68 kD), when a cDNA encom- 
l^ssing the long open reading frame of HCV was used in 

I 



vaccinia virus transient-expression assay. The NS5B 
protein was predicted to contain the RNA-dependent 
RNA polymerase activity on the basis of the presence of 
the characteristic Gly-Asp-Asp and surrounding con- 
served motifs. Although bacterially expressed HCV-NS5 
peptide fragment was used for a part of NS5B protein in 
this study, the molecular size of HCV-NS5-related 
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Table 2. S 





HCV markers in liver sections i 


Cases 


1 


upv antieen by immunostaining 


2 


: 




11 




CAH 


6 




Cirrhosis 


19 




TOTAL 




1 


HCV RNA by in situ hybridization 


2 




CPH 


18 


* 


CAH 


3 




Cirrhosis 


23 


•I 


TOTAL . 





Patchy 

2 (100) 

3 (27) 
0 (0) 
5 (26) 



(50) 
(0) 
(0) 
(4) 



Staining patterns (%) 


Cluster 


Diffuse 


0 (0) 


U {[)) 


7 (64) 


1 (9) 


2 (33) 


4 (67) 


9 (47) 


5 (26) 


1 (50) 


0 (0) 


10 (56) 


8 (44) 


0 (0) 


3 (100) 


11 (48) 


11 (48) 



Table 3 



. Detection rate of HCV-NS5 and HCV RNA in liver 



sections from patients treated with interferon for 6 months 



Liver sections (%) 



Serum HCV RNA 




cnti^n detected in human liver was 86 kD and thus 
SSlar^an^that of NS5B. This discrepancy may 

TriDheral-blood mononuclear cells, which sug- 
SsSdS HCY replicates in the Uver butnot in the 
mrioheral-blood mononuclear cells. In this stuay, 
SCV -NS5 antigen and HCV RNA were stained on* m 
Wtocytes and not in other types of hver cell^ 
Smnfinfiltrating lymphocytes t was absent from 
peripheral blood mononuclear cells (data not shown;. 
These results suggest that HCV may be rephcated onty 
• £h£3St» afd not in hepatic or Perxphe^blood 

was 

*E£d taW* hep^tes and infiltrating mononu- 
w™Sl«hv in situ hybridization and suggested that 
H?V rlhcation mty oLr in both cells. However they 
studfcd on? four needle biopsy specimens from patients 
3? were ^infected with human g^^f "^ 
. , a q _j unv- the signal for sense rlOV iuna prooe& 
w^de^tS only ve?y few cells, and its mtensitywas 
vewlowevVn in hepatocytes. It is therefore very &ffioft 
^determine whether grating mononuclear cells 
contain the minus strands of HCV KJNA. 

ThTstaining reaction for HCV-NS5 antigen was not 
abolheoT RNas* pxetreatment, 
stained HCV-NS5 antigen is not a virus itself. However, 



the staining pattern for HCV-NS5 antigen was quite 
SSir to that for HCV itself detected by m s«u 
hybridization with the use of a cDNA probe for the core 
regSonT indicating that HCV-NS5 antigen is stamed m 
heoatocytes infected by HCV. .... 

HCV-NS5 antigen was stained only m hver sections 
from HCV-positive patients but not in any sections 
from patients with chronic type B hepatitis or with 
ScohoUc fibrosis. In chronic type C hver leases, the 
detection rate of HCV-NS5 antigen in hver sections was 
MgS in cLhosis than in CPH or CAH. This supports 
the hypothesis that replication ^J^*™ 0 ™*** 
quentiy in the advanced stages of HCV-related hver 

^Samatsu et al. (18) reported that in anti-C100-3- 
positive patients, positive immunostaining ■ ^h jUiti- 
bodies for the core, envelope and NS3 regions of the HCV 
genome in hver biopsy specimens was found m 23%, 24% 
and 24%, respectively. Compared with > their detection 
rates the present anti-HCV-NS5 IgG detection system 
52 more sensitive. Hosoda et al (19) reported £at h 
detection rate of HCV RNA m hver tissues^ witt the 
RT-PCR technique was 63% in patients with chronic 

patients, rates that are roughly similar to the overau 
detection rate of HCV-NS5 antigen m this study 
Recently interferon therapy has been used for chrome 
^Chepatitisjhowever.itisveryW 
when HCV is ehmixiated from the bver even^HCV 
RNA is not detected in serum. In this study » CV N& 
antigen in a hver section was still positive in a patien 
whole serum HCV RNA became negative ^ ^ 
feron treatment. Although the overall detection rate o 
ScV-nS antigen is not high, immunostammg of 
HCV-NS5 antigen in Uver biopsy sections is useiui 
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Fig 5 Immunoelectron microscopic findings of HCV-NS5 antigen in liver section, (a) HCV-NS5 antigen was stained in cytoplasm, as indicated 
ty arrows (b) At high magnification, HCV-NS5 antigen was stained in fine granular fashion together with endoplasmic reticulum as indicated 
by arrows, (c) The staining reactions were not observed in the glycogen areas of hepatocytes. (d) In HCV-negative patients, HCV-NS5 antigen 
' *as not detected in hepatocytes. The positive reaction in the lysosomes is due to endogenous peroxidase. 



- determining the effect of interferon therapy and evalu- 
ating the cessation of HCV replication when paired liver 
sections before and after treatment were available. The 
insults of this study indicate that the detection of HCV 
RNA by in situ hybridization is more sensitive for this 



purpose. Detection of HCV RNA itself in liver tissues 
with the RT-PCR technique may also be more sensitive 
(16, 19). However, in comparison with immunostaining 
of HCV-NS5 antigen, these two sophisticated methods 
are extremely complicated. 
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Hepatitis C virus (HCV) possesses a positive-sense RNA genome which encodes a large polyprotein of 3,010 
amino adds. Previous data and sequence analysis have indicated that this polyprotein is processed by cellular 
proteases and possibly by a viraDy encoded serine protease localized in the N-terminnl domain of nonstructural 
protein NS3. To characterize the molecular aspects of HCV protein biogenesis and to dearly identify the 
protein products derived from the HCV genome, we have examined HCV polyprotein expression by using the 
vaccinia virus T7 transient expression system in transfected cells and by cell-free translation studies. HCV 
proteins were identified by immunopredpitation with region-specific antisera. Here we show that the 
amino- terminal region of the HCV polyprotein is processed in vitro by cellular proteases releasing three 
structural proteins: p21 (core), gp37 (El), and gp61 (£2). Processing of the nonstructural region of HCV was 
evident in transfected cells. Two proteins of 24 and 68 kDa were immunopredpitated with antf-NS2 and NS3 
antisera, respectively. Antiserum against NS4 recognized three proteins of 6, 26, and 31 kDa, while antisera 
specific for NS5 immunopredpitated two polypeptides of 56 and 65 kDa, indicating that each of these two genes 
encodes at least two different proteins. When the NS3 protease domain was inactivated by replacing the 
proposed catalytic Ser-1165 with Ala, processing at several sites was abolished. When Ser-1164 was mutated 
to Ala, no effect on the processing was observed. Cleavage activities at three of the four sites affected by NS3 
were shown to occur in trans, while processing at the carboxy terminus of NS3 could not be mediated in trims. 
These results provide a detailed description of the protein products obtained from the processing of the HCV 
polyprotein. Furthermore, the data obtained implicate NS3 as a serine protease and demonstrate that a 
catalyticaUy active NS3 is necessary for deavage of the nonstructural region of HCV. 



Hepatitis C virus (HCV) is considered to be the major 
etiologic agent of posttransfusion non-A, non-B hepatitis (4, 
20). The enveloped virion consists of unknown species of 
structural proteins encoded by a positive-sense RNA ge- 
nome. Sequence analysis has indicated that the viral genome 
is approximately 9,400 nucleotides long and includes a 5' 
untranslated region of 341 nucleotides which precedes a 
single open reading frame (ORF) encoding a precursor 
polyprotein of 3,010 or 3,011 amino acids. This long ORF is 
followed by an untranslated region of 23 to 54 nucleotides 
located at the 3' end (5, 18, 31). The genetic organization of 
the viral genome is similar to that of flavrviruses and pesti- 
viruses, with the putative structural proteins located in the 
N-terminal region and a variety of nonstructural proteins 
located at the C terminus of the polyprotein (23). The 
putative structural region of HCV is shorter than that of 
flavrviruses and pestrviruses, and it lacks primary sequence 
similarity with these two virus families (6). However, it is 
organized in a similar fashion, with a basic N-terminal (p20) 
presumed nucleocapsid core protein (Q, followed by two 
glycoproteins, gp35 and gp70. gp35 probably corresponds to 
the matrix/envelope glycoprotein in the virion (El), whereas 
gp70 may correspond to an envelope glycoprotein equivalent 
to gp53/55 of pestrviruses (E2) or to the NS1 glycoprotein of 
flaviviruses (7, 25, 33). In vitro protein synthesis followed by 
amino acid sequence analysis of the products has demon- 
strated that these proteins are released from the precursor 
polyprotein by cellular proteases in association with mem- 
branes of the endoplasmic reticulum (14). 



The nonstructural region of the HCV genome has not been 
characterized in detail, but it is thought to be processed in a 
manner similar to that of flavrviruses and pestrviruses, 
releasing a series of proteins from the polyprotein precursor. 
The exact number of processed protein products derived 
from this region has not been identified. However, by 
analogy with the flavrviruses, the putative nonstructural 
polypeptides of HCV have been called NS2, NS3, NS4, and 
NS5. Although the amino acid sequence of the HCV poly- 
protein differs from that of the flavrvirus polyprotein, the two 
polyproteins have similar hydropathy profiles. Tentative 
boundaries of the nonstructural proteins of HCV have been 
assigned on the basis of this similarity (5, 18, 31, 32). The 
NS2 and NS4 proteins are very hydrophobic, probably 
membrane bound, and of unknown function. Their predicted 
molecular sizes are 25 and 52 kDa, respectively (16). In 
flavrviruses, two proteins are encoded by each of the NS2 
and NS4 genes (NS2a+b, and NS4a+b) (2). The NS5 gene of 
HCV is predicted to encode a polypeptide of 116 kDa, and it 
contains a GDD consensus sequence found in several viral 
RNA-dependent RNA polymerases, suggesting that it may 
be involved in viral replication (7, 31). 

Cleavages generating the N termini of the flavrvirus non- 
structural proteins NS2b, NS3, NS4a, and NS5 follow 
dibasic amino add residues, occur rapidly and efficiently in 
infected cells, and are mediated by a viral protease located in 
the cytoplasm (2, 24). The NS3 protein of pestrviruses and 
flaviviruses was found to be a component of the viral 
protease, as determined from sequence analysis and molec- 
ular modeling studies. The positions of three amino add 
residues (His-53, Asp-77, and Ser-138) located within the 
N-terminal domain of NS3 are strictly conserved among 
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flaviviruses and are predicted to correspond spatially to the 
catalytic triad of trypsin-like serine proteases. Results from 
site-directed mutagenesis of these amino acid residues are 
consistent with the hypothesis that the catalytic activity 
resides in the NS3 domain and that these residues comprise 
the catalytic triad (1, 3, 34). Analysis of the amino acid 
sequence of the NS3 protein of HCV has suggested that this 
viral protein may encode a trypsin-like serine protease which 
could function in the processing of the viral polyprotein as in 
the case of flaviviruses and pestiviruses (23). Residues 
His-1083, Asp-1107, and Ser-1165, numbered according to 
their location within the HCV polyprotein, are found in the 
N-terminal domain of the NS3 protein and are highly con- 
served among all HCV strains sequenced so far (31). These 
residues are predicted to correspond spatially to the catalytic 
triad of the putative serine protease of HCV, suggesting that 
this protein may play a pivotal role in polyprotein process- 
ing. Furthermore, the NS3 polypeptide with a predicted 
molecular size of 69 kDa contains a nucleoside triphosphate- 
binding helicase domain that is presumably involved in 
unwinding of the RNA genome (3, 5). 

In this study, we have examined HCV polyprotein expres- 
sion and processing by cell-free protein synthesis studies and 
transient expression in transfected cells. We have identified 
specific protein products expressed by different regions of 
the viral genome by using region-specific antisera. We have 
obtained evidence that the structural components of HCV 
are processed in a fashion independent of NS3 synthesis, 
while a catalytically active NS3 protein is necessary for the 
correct maturation of the nonstructural proteins of HCV. 



MATERIALS AND METHODS 

Cells and virus. HeLa cells, originally obtained from the 
American Type Culture Collection, were grown in Dulbec- 
co's modified Eagle's essential minimal medium (MEM) 
containing 10% fetal calf serum (FCS). Vaccinia virus 
vTF7-3 (10) was grown in RK-13 cells plated in Eagle's 
MEM containing 10% FCS. 

Construction of recombinant plasmids. Plasmid pCD(38- 
9.4) encodes the HCV sequences from nucleotides 1 to 9416 
downstream of a T7 promoter. The clone was constructed by 
joining individual cDNA fragments derived from plasmids 
BK146, BK144, BK112.1, BK112.5, and BK166 at overlap- 
ping restriction sites (31). The HCV cDNA clone was 
introduced into the plasmid vector pCDNA-1 (Invitrogen). 
The cDNA subclones were provided by Hiroto Okayama 
(Osaka University) and represent HCV clones isolated from 
Japanese patients. 

pCITE(146) is derived from clone BK146 and contains 
HCV sequences from an Mscl site engineered at nucleotide 
333 to an Xbal site introduced at nucleotide 4840. The cDNA 
fragment derived by polymerase chain reaction (PCR) am- 
plification with sequence-specific primers lacks its own ATG 
and the untranslated region of HCV. The fragment was 
cloned downstream of a 77 promoter in the pCITE vector 
(Novagen) and inserted downstream of the 5' untranslated 
region of encephalomyocarditis virus. 

pSK(CORE) was derived from PCR amplification of nu- 
cleotides 330 to 938 (amino acid residues 1 to 200) with 
sequence-specific primers. The amplified DNA fragment 
derived from plasmid pCD(38-9.4) contains an Xbal site and 
an Xhol site engineered at the 5' end and the 3' end, 
respectively. The cDNA fragment was cloned downstream 
of a 77 promoter in the pBluescript vector SK II; it lacks the 
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5' untranslated region of HCV and encodes the nucleocapsid 
protein core (11). 

To construct plasmid pCTTE(SX), clone pCD(38-9.4) was 
cleaved with SacTL and Xbal y and a DNA fragment contain- 
ing nucleotides 3303 to 9416 (amino acid residues 991 to 
3010) was purified. The DNA fragment was then inserted 
downstream of the 77 promoter into the BstXl and Xbal 
sites of the expression vector pCITE. 

pCITE(NS4-5) was obtained by cloning into the BstXL and 
Stul sites of pCITE a SphhKpnl fragment derived from 
pCD(38-9.4) after treatment of both DNAs with KJenow 
polymerase. The construct encodes nucleotides 5281 to 9071 
(amino acid residues 1651 to 2921) downstream of the 77 
promoter and of the 5' untranslated region of encephalomy- 
ocarditis virus. 

pCITE(NS3) was derived from PCR amplification of nu- 
cleotides 3351 to 5171 (amino acid residues 1007 to 1616) 
with sequence-specific primers, using plasmid pCD(38-9.4) 
as the template. The amplified DNA fragment w as clo ned by 
blunt-end ligation into the expression vector pCITE which 
had been cleaved with Ncol and Stul and blunted with 
KJenow polymerase. 

Site-directed mutants in the NS3 catalytic serine, pCD(38- 
9.4:S U65 -A) and pCITE(SXS 116 5-A), and the respective neg- 
ative control mutants in the adjacent serine, pCD(38-9.4: 
S 1164 -A) and pCTTE(SXS 116 4-A), were obtained by inserting 
the mutations in PCR primers that were then used to 
generate mutant DNA fragments according to the proce- 
dures of Higuchi et al. (13). TTie mutant DNA fragments 
were recloned into the parent plasmids by using restriction 
sites flanking the mutations and were subsequently se- 
quenced. The triplet coding for serine 1165, TCG, was 
replaced by GCG, and that coding for serine 1164, TCT, was 
replaced by GCT. Both of these triplets code for alanine. 

Constructs for the expression of TrpE fusion proteins with 
El, E2/NS1, NS4, and NS5b sequences were made by using 
pATH plasmids (30). The NS2, NS3, and NS5a fusion 
proteins with glutathione ^-transferase (GST) were made by 
using plasmid pGEX-3x (28). Cloning of the HCV fragments 
in the expression vectors was achieved by PCR amplification 
of the area of interest, using synthetic oligonucleotides 
containing appropriate restriction sites or by in-frame fusion 
of cDNA fragments by means of standard recombinant DNA 
protocols. Recombinant plasmids were transformed in Esch- 
erichia coli DH5a, with the exception of pCD(38-9.4), which 
was transformed in MC1061/P3. 

Induction of expression plasmids and preparation of fusion 
proteins. TrpE fusion proteins were induced in E. coli DH5a 
cells harboring recombinant plasmids with of 3-p-hydroxy- 
indoleacrylic acid at a final concentration of 5 ng/ml. GST 
fusion proteins were expressed in E. coli DH5a cells upon 
induction with 0.4 mM isopropyl-P-D-thiogalactopyranoside 
(IPTG). The TrpE-El, TrpE-E2/NSl, GST-NS2, TrpE-NS4, 
and TrpE-NS5b fusion proteins accumulated in the inclusion 
bodies of £L coli and were prepared by lysis of bacteria, 
DNase I digestion, and precipitation of the insoluble fraction 
as described previously (30). 

The GST-NS3 and GST-NS5a fusion proteins were in the 
soluble fraction. These proteins were affinity purified on a 
glutathione-Sepharose CL4B column (Pharmacia), the HCV 
portion of the GST-NS3 protein was cleaved from the fusion 
protein by factor Xa (New England Biolabs) and purified as 
described previously (28). 

Sodium dodecyl sulfate (SDS)-polyacrylamide gel slices 
containing fusion proteins were ground in phosphate-buff- 
ered saline (PBS), emulsified in Freund's adjuvant, and used 
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to immunize rabbits (12). New Zealand White male and 
female rabbits were used for production of all antisera. 

Immunoaffinity purification of anti-HCV antibodies from 
patient sera. Human antibodies against El and NS5a were 
immunopurified from patient sera. The TrpE-El protein was 
prepared in £. coli as described above, solubilized in SDS- 
poJyacryl amide gel electrophoresis (PAGE) loading buffer, 
and run on a 10% poryacrylamide-SDS gel. The protein was 
transferred from the gel onto a nitrocellulose filter by elec- 
troblotting and used for immunoaffinity purification of an- 
ti-El antibodies as described previously (12). 

Affinity-purified GST-NS5a fusion protein was cross- 
linked to an activated Affi-Gel 10 chromatography matrix 
(Bio-Rad). The affinity matrix thus obtained was then incu- 
bated for 1 h at 4°C with human sera and washed extensively 
with PBS, and the bound antibodies were eluted as described 
previously (12). In some preparations, anti-NS3 antibodies 
copurified with anti-NS5a immunoglobulins. 

In vitro tra nscription and translation. Recombinant plas- 
mids pCITE(146) and pSK(CORE) were linearized with 
restriction enzymes Sspl and Xhol, respectively, and tran- 
scribed in vitro with 17 RNA polymerase as described 
previously (29). The transcripts were translated by using an 
mRNA-dependent rabbit reticulocyte rysate (Promega Bio- 
tec). All translation reactions were carried out in 50 uJ in the 
presence or absence of canine pancreatic microsomal mem- 
branes (Promega Biotec). Translation mixtures were incu- 
bated at 30°C for 90 min with [ 35 S]methionine (Amersham) 
for labeling. Samples of translation mixtures were then 
immunoprecipitated with region-specific antisera, and the 
immunoprecipitated proteins were resolved by SDS-PAGE. 

Preparation of labeled cell extracts. HeLa cells seeded at a 
density of 6 x 10 5 cells per plate were infected with vaccinia 
virus vTF7-3 at a multiplicity of 5 PFTJ per cell (19). After 
adsorption for 30 min at 37°C, 3 ml of Dulbecco's modified 
Eagle's MEM supplemented with 10% FCS was added. Cells 
were incubated an additional 30 min at 37°C. Twenty micro- 
grams of recombinant plasmid DNA was precipitated in 
calcium phosphate as described previously (26) and added 
directly to each plate in a 500- volume. In the cotransfec- 
tion experiments, 10 u.g of each plasmid was precipitated in 
calcium phosphate. At 4 h posttransfection, the medium was 
replaced with MEM lacking methionine (GIBCO), and the 
cells were starved for 1 h at 37°C. Cells were then radiola- 
beled for 3 h with 400 jtCi of 35 S label (ICS) in 2 ml of MEM 
lacking methionine and supplemented with 2% diaryzed 
FCS. Cells were harvested and prepared for immunoprecip- 
itation in IPB^o (20 mM Tris-Q [pH 8.0], 150 mM NaCl, 1% 
Triton) supplemented with 1 mM phenylmethylsulfonyl flu- 
oride, 1 mM EDTA, and 1 mM dithiothreitol. 

Immunoprecipitation. Prior to immunoprecipitation, SDS 
and dithiothreitol were added to the cell rysates to final 
concentrations of 2% and 10 mM, respectively. The rysates 
were then incubated at room temperature for 1 h and heated 
at 95 D C for 10 min. Ten-microliter samples of antisera used in 
the immunoprecipitation reactions were preadsorbed for 1 h 
at 4°C in a 400-uJ volume of IPB 150 with vT7F3-infected 
HeLa cell extracts spotted on nitrocellulose filters. The 
antibody suspension was then incubated with 60 uJ of 
protein A (PA)-Sepharose for 1 h at 4°C. The PA-Sepharose 
beads were pelleted by centrifugation, washed three times in 
1 ml of IPB^ resuspended in 400 uJ of IPB^q, and 
incubated for an additional hour at 4°C with 20 uJ of cell 
rysate. All reactions were performed with constant mixing 
on an end-over-end rotator. The PA-Sepharose suspension 
was then layered on 0.9 ml of 0.5 x NDET (0.5% Nonidet 



TABLE 1. Region-specific antisera to El, E2/NS1, NS2, NS3, 
NS4, and NS5 



Target 
protein 



boundaries 
(amino acids) 0 



HCV cDNA fragment 
(nucleotides)* 



Antiserum 
specificity 



El 193-383 990-1350(220-340) El c 

E2/NS1 384-729 1501-2525(392-733) E2/NS1 

NS2 731-1007 3018-3301(896-990) NS2 

NS3 1008-1616 3890-4716(1187-1496) NS3 

NS4 1617-2013 5184-6210(1618-1960) NS4a, NS4b 

NS5 2014-3011 6940-7467(2204-2379) NS5a c 

8079-^8926 (2585-2880) NS5b 

° Boundaries of El and E2/NS1 on the HCV polyprotein were assigned as 
described by Hijikata et al. (14). The limits of the nonstructural proteins were 
assigned as described by Takamizawa et al. (31). 

b cDNA fragments were cloned in pATH and pGEX-3x expression vectors 
as described in Materials and Methods. Amino acid positions are given in 
parentheses. 

c Antibodies specific for this protein were purified from HCV-seropositive 
patients as described in Materials and Methods. 



P-40, 0.2% sodium deoxycholate, 33 mM EDTA, 10 mM 
Tris-Cl [pH 7.4]) containing 30% sucrose and pelleted by 
centrifugation in a microcentrifuge for 10 min at room 
temperature. The pellet was resuspended in 300 uJ of 
NDET-0.3% SDS and then washed twice with the same 
buffer and once with water (27). The sample was resus- 
pended in 20 \l\ of sample buffer and heated at 95°C, and the 
supernatant was then subjected to SDS-PAGE. 

RESULTS 

Production of fusion proteins and region -specific antisera. 
To monitor the expression and processing of the HCV 
polyprotein, several region-specific antisera were prepared 
in rabbits against HCV fusion proteins expressed in bacteria. 
Human polyclonal antibodies specific for the N-terminal half 
of NS5 and for the El protein were purified from patient sera 
by inimunoaf&nity. Table 1 describes the cDNA fragments 
used for the construction of pATH/HCV and pGEX/HCV 
plasmids containing the relevant regions of the HCV ge- 
nome. The cDNA fragments were chosen on the basis of 
putative boundaries of each HCV viral protein. These 
boundaries were established by comparing the HCV poly- 
protein sequence with that of flavrviruses and identifying the 
putative processing sites which could be responsible for the 
release of HCV proteins from the polyprotein precursor (14, 
31)- 

In vitro processing of the structural proteins of HCV. 
Cell-free protein synthesis experiments were performed with 
truncated cDNA clones to examine the processing of HCV 
structural proteins. Figure 1 shows a diagram of all con- 
structs used in this s tudy. The results of in vitro processing 
assays using clones pCITE(146) and pSK(CORE) are shown 
in Fig. 2. The translation product of an RNA derived from 
plasmid pCITE(146) linearized at the Sspl site at position 
2873 was processed into three major proteins of 21, 37, and 
61 kDa (Fig. 2, lane 1). The pattern of translation was 
significantly different when the reaction was carried out in 
the absence of microsomal membranes, as shown by the lack 
of the processed protein bands and by the presence of a large 
precursor which ran close to the origin of the gel (Fig. 2, lane 
2). The 61 -kDa protein was immunoprecipitated with a 
region-specific antiserum directed against the putative E2/ 
NS1 region (Fig. 2, lane 3). The p21 polypeptide originates 
from the amino-terminal region of the polyprotein, and it was 
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FIG. 1. Schematic representation of the HCV genome, predicted protein-coding domains, and recombinant expression plasmids used in 
this study. The viral genome is shown at the top (thin line, untranslated regions; open box, ORF); the molecular sizes of the viral proteins 
are indicated. The constructs expressing specific regions of the HCV genome are shown below. The name of each plasmid is shown on the 
left. The Sspl site at nucleotide (nt) 2873 used to linearize plasmid pCTTE(146) in the in vitro transcription-translation experiments is 
indicated. The letter designations outside the ORF box of the recombinant plasmids indicate the serine (S) residues at amino acid 1164 and 
1165 which have been individually changed to an alanine (A) residue in several constructs. 



identified as the core protein since it comigrated with the 
translation product derived from plasmid pSK(CORE) (Fig. 
2, lane 4). The 37-kDa protein is derived from the middle 
portion of pCITE(146) and probably corresponds to the 
structural protein El. Thus, the results are in agreement with 
the published data indicating that in vitro processing of the 
structural region of HCV poryprotein is dependent of the 
presence of microsomal membranes in the translation reac- 
tion, suggesting that it is mediated by cellular signal peptid- 
ases (14). 

Transient expression of HCV cDNA encoding the entire 
poryprotein. Attempts to use cell-free protein synthesis to 
examine processing of the nonstructural region of HCV 
poryprotein were undermined by complex patterns of trans- 
lation products, making it difficult to obtain conclusive 
results (data not shown). To examine the processing of the 
nonstructural region, we used the vaccinia virus T7 transient 
expression system (10). This system is based on the trans- 
fection of mammalian cells infected with a recombinant 
vaccinia virus expressing the bacteriophage T7 RNA poly- 
merase. The 77 RNA polymerase produced by the recom- 
binant vaccinia virus drives the expression of the transfected 
plasmid. Plasmid pCD(38-9.4) was constructed with the 
entire HCV ORF positioned downstream of bacteriophage 
T7 RNA polymerase promoter and was used for transfection 
experiments in HeLa cells. The transfected cells were la- 
beled with [ 35 S)methionine, and the cell rysates were dena- 
tured in SDS and then immunoprecipitated with region- 
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FIG. 2. Autoradiogram of SDS-PAGE analy sis of the in vitro 
translation products. The transcripts of pOTE(146) (lanes 1 to 3) 
and of pSK(Core) (Ian© 4) were translated in vitro with a rabbit 
reticulocyte rysate in the presence (lanes 1, 3, and 4) or absence 
(lane 2) of microsomal membranes. Translation products labeled 
with [^methionine were analyzed on an SDS-10% poryacrylamide 
gel directly (lanes 1, 2, and 4) or after immunoprecipitation with an 
anti-E2/NSl antiserum (lane 3). Positions of the relevant translation 
products and of molecular weight standards (in kilodaltons) are 
indicated. 



Vol. 67, 1993 



CHARACTERIZATION OF HEPATITIS C VIRUS NS3 4021 




7 * 



10 



IS 16 



30- 





KNS4a*b 



FIG. 3. Transient expression of plasmids pCD(38-9.4) and pCXTE(SX) in mammalian cells. Recombinant pi as mi ds pCD(3B-9.4) and 
pCITE(SX) were transfected into vaccinia virus vT7F- 3- infected HeLa cells as described in Materials and Methods. Cells were labeled with 
[ 35 S]methionine for 3 h, and SDS-denatured lysates were immunoprecipitated with antisera to specific regions of HCV ORF. Positions of the 
relevant HCV proteins immunoprecipitated with anti-HCV antibodies are indicated. Sizes of molecular weight standards are indicated in 
kilodaltons. (A) Lysates from cells transfected with pCD(38-9.4) were immunoprecipitated with anti-El (lane 2), anti-E2/NSl (lane 3), 
anti-NS2 (lanes 4 and 15), anti-NS3 (lane 5), anti-NS4 (lanes 6 and 16), anti-NS5a (lane 7), and anti-NS5b (lane 8) antibodies. The 
immunoprecipitated products were resolved on an SDS-10% (lanes 1 to 14) or SDS-15% (lanes 15 and 16) polyacrylamide gel. 
Mock-transfected cell rysate was also immunoprecipitated with anti-HCV antibodies (lane 1, anti-El; lane 9, anti-E2/NSl; la ne 10, anti-NS2; 
lane 11, anti-NS3; lane 12, anti-NS4; lane 13, anti-NS5a; lane 14, anti-NS5b). (B) Lysates from cells transfected with pCITE(SX) were 
immunoprecipitated with anti-NS3 (lane 1), anti-NS4 (lanes 2 and 5), anti-NS5a (lane 3), and anu"-NS5b antibodies (lane 4). Immunoprecip- 
itated products were resolved on an SDS-10% (lanes 1 to 4) or SDS-15% (lane 5) polyacrylamide gel. 



specific antisera. As shown in Fig. 3 A, transfection of 
pCD(38-9.4) generated proteins that reacted specifically with 
anti-HCV antibodies. Two bands of 34 and 37 kDa were 
immunoprecipitated with the anti-El antiserum, indicating 
that these two polypeptides are derived from the El region 
(Fig. 3A, lane 2). The multiple bands of the expressed El 
protein may be due to incomplete processing or grycosyla- 
tion in this experimental system. Anti-E2/NSl antiserum 
immunoprecipitated a 61 -kDa protein as observed in the in 
vitro translation studies; this protein presumably represents 
the mature form of E2/NS1. A second band of 77 kDa was 
recognized by anti-E2/NSl and anti-NS2 antisera, suggest- 
ing that it may represent an uncleaved E2/NS1-NS2 precur- 
sor (Fig. 3A, lanes 3 and 4). A 24-kDa band was immuno- 
precipitated with the NS2-specific antiserum, consistent 
with the predicted molecular weight (Fig. 3A, lane 4). An 
NS3-related protein of 68 kDa was produced, as expected 
from the predicted molecular weight of this protein. A minor 
47-kDa band was also consistently observed in the immuno- 
precipitation reactions, which could be due to an alternate 
cleavage of NS3 (Fig. 3A, lane 5). NS4-reIated proteins of 6, 
26, and 31 kDa were immunoprecipitated with the region- 
specific antiserum, indicating that this region of the HCV 
poryprotein is cleaved into distinct protein products (Fig. 
3 A, lane 6). The NS2- and NS4-related proteins were clearly 
visible on an SDS-15% poryacrylamide gel (Fig. 3A, lanes 15 
and 16). The 6-kDa protein was designated NS4a, and the 
26-kDa protein species was called NS4b; the 31-kDa band 
probably represents the NS4a-NS4b precursor (see below). 

Two proteins of 56 and 65 kDa were immunoprecipitated 
with the antisera specific for the N and C halves of the NS5 
gene, respectively, indicating that the predicted 116-kDa 
protein is cleaved into at least two smaller products (Fig. 3A, 
lanes 7 and 8). The N-terrninal protein was designated NS5a, 
whereas the C-tenninal protein was called NS5b. In addi- 
tion, the antisera specific for NS4 and NS5 recognized 
higher-molecular-weight bands which probably represent 
uncleaved precursors. These data suggest that apparently 



authentic processing of the entire HCV poryprotein can 
occur in this test system and that the function of NS3 as a 
viral protease can be determined. 

In view of the observation that cleavage of the nonstruc- 
tural region of the flavrvirus poryprotein is dependent not 
only on the NS3 protease but also on the NS2b protein 
product, which may act as a cofactor for functional activity 
(3, 9), we determined whether the HCV poryprotein region 
encoding proteins NS3, NS4, and NS5 could be expressed 
and processed correctly despite the absence of the structural 
proteins and of NS2. To this end, a plasmid encompassing 
nucleotides 3303 to 9416 was constructed. This clone, named 
pCITE(SX), expresses all of NS3, NS4, and NS5 in addition 
to a few amino acid residues of NS2. As shown in Fig. 3B, 
transfection of pCITE(SX) generated proteins consistent in 
size with processed NS4a, NS4b, NS5a, and NS5b. The NS3 
protein band immunoprecipitated with the anti-NS3 anti- 
serum was slightly larger than that expressed by the full- 
length clone pCD(38-9.4), with an apparent molecular size of 
74 kDa (Fig. 3B, lane 1). Furthermore, NS3 coprecipitated 
with the NS5a protein in several immunoprecipitation exper- 
iments because of the presence of anti-NS3 antibodies in 
some of the human anti-NS5a immunoglobulin preparations 
used in these studies (Fig. 3B, lane 3). These data indicate 
that processing of the N tenmni of NS4a, NS4b, NS5a, and 
NS5b is independent of the NS2 protein, while cleavage at 
the N terminus of NS3 may be affected by NS2 sequences. 

The NS3 catalytic domain is necessary for processing of the 
HCV poryprotein. Site-directed mutagenesis was used to test 
the role of the putative NS3 protease domain in processing of 
the HCV poryprotein. Mutagenesis of this protein was 
accomplished by using synthetic oligonucleotides and PCR 
as described in Materials and Methods. Nucleotide 3825, T, 
was converted to a G, resulting in an amino acid change at 
position 1165. This mutation substitutes the catalytic serine 
residue with alanine. The mutant plasmid was designated 
pCD(38-9.4:S llfi5 -A). As a comparison, Ser-1164, which is 
not part of the putative catalytic triad, was changed to Ala by 
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FIG. 4. Processing of the HCV ORF containing altered residues 
in NS3. Constructs containing a Scr-to-AJa substitution at the 
putati ve catalytic Ser-1165 or at Ser-1164 were transfected into 
vTF7-3-infected HcLa cells. Cell lysates were immunoprecipitated 
with anti-HCV antibodies, and HCV proteins were resolved on an 
SDS-10% poryacrylamide gel. Positions of relevant HCV proteins 
and of molecular weight standards (in kilodaltons) are indicated. (A) 
Lysates from cells transfected with plasmid pCD(38-9.4:S nfi5 -A) or 
pCD(38-9.4:S 1164 -A) were immunoprecipitated with anti-El (lane 1), 
anti-E2/NSl (lanes 2 and 8), anti-NS2 (lanes 3 and 9), anti-NS3 
(lanes 4 and 10), anti-NS4 (lanes 5 and 11), anti-NS5a (lanes 6 and 
12), and anti-NS5b (lanes 7 and 13) antibodies. (B) Lysates from 
cells transfected with plasmid pClTE(SXS n6J -A) or pOTE 
(SXS U64 -A) were immunoprecipitated with anti-NS3 (lanes 1 and 5), 
anti-NS4 (lanes 2 and 6), anti-NS5a (lanes 3 and 7), and anti-NS5b 
(lanes 4 and 8) antibodies. 



substituting nucleotide 3822, T, with a G. This construct was 
designated pCD(38-9.4:S 1164 -A). Mutagenesis was confirmed 
by sequencing the region of the mutation in both parent and 
mutant plasmids. 

The transfection of plasmid pCD(38-9.4:S ll65 -A) in HeLa 
cells resulted in the correct synthesis of the putative struc- 
tural proteins, as indicated by the immunoprecipitarJon of El 
and E2/NS1 (Fig. 4A, lanes 1 and 2). NS2 was also released 
from the pohyprotein precursor and immunoprecipitated with 
the region-specific antiserum (Fig. 4A, lane 3). The mature 
products of NS3, NS4a, NS4b, NS5a, and NS5b were not 
detectable in the transfected cell extracts, suggesting that the 
mutation of the putative catalytic Ser residue had specifically 
interfered with the cleavage of these proteins (Fig. 4A, lanes 
4 to 7). A similar pattern of immunoprecipitations of un- 
ci eaved precursors was observed when the Ser-to-AJa sub- 




FIG. 5. Cotransfection experiments to examine trans cleavage of 
a cataryticaDy inactive HCV ORF substrate. Plas mid p CITE(NS3) 
was cotransfected with pCD(38-9.4:S n6J -A) or pOTE(SXS Il6r A) 
as described in the legend to Fig. 3 and in Materials and Methods. 
Cell lysates were immunoprecipitated with anti-E2/NSl (lane 1), 
anti-NS2 (lane 2), anti-NS3 (lanes 3 and 7), antt*-NS4 (lanes 4 and 8), 
anti-NS5a (lanes 5 and 9), and anti-NS5b (lanes 6 and 10) antibodies 
and loaded on an SDS-10% poryacrylamide gel. NS3 protein immu- 
noprecipitated from rysate of cells transfected with pCITE(NS3) 
alone is shown in lane 11. Positions of relevant HCV proteins and of 
molecular weight standards (in kilodaltons) are indicated. 



s titutio n was introduced at position 1165 in construct 
pCITE(SX) (Fig. 4B, lanes 1 to 4). In contrast, the Ser-to- 
Ala substitution at residue 1164 did not have any effect on 
the processing profile of the HCV protein products, as 
shown by the transfection of pl asmid s pCD(38-9.4:S 1164 -A) 
(Fig. 4A, lanes 8 to 13) and pCITE(SXS 1164 -A) (Fig. 4B, 
lanes 5 to 8). Both the structural and nonstructural proteins 
were detected in their processed form. Thus, these results 
are consistent with the hypothesis that the NS3 protein is 
indeed a serine protease and that residue 1165 is the catalytic 
serine of this enzyme. Furthermore, they demonstrate that a 
functional NS3 protease domain is required for efficient 
cleavage at the NS3-NS4a, NS4a-NS4b, NS4b-NS5a, and 
NS5a-NS5b sites. 

taz/u-deavage activity of NS3. The data presented above 
established that NS3 is required for the proper biogenesis of 
mature HCV proteins. To determine whether processing at 
the NS3-dependent sites could be mediated in trans, plasmid 
pCD(38-9.4:Sn65-A) was cotransfected with pOTE(NS3), a 
clone expressing amino acids 1007 to 1615 encompassing the 
entire NS3 protease domain. Figure 5 illustrates the results 
of the cotransfection experiments. As expected, compres- 
sion of the NS3 protein with the entire pohyprotein lacking a 
functional NS3 did not change the processing of the struc- 
tural region and of NS2, since the cleavage of these proteins 
does not require NS3 (Fig. 5, lanes 1 and 2). The wild-type 
expression of NS5a and NS5b was restored, indicating that 
cotransfection of the NS3 clone with the mutated plasmid 
had abolished abnormal processing of these proteins (Fig. 5, 
lanes 5, 6, 10, and 11). In contrast, the NS4-specific anti- 
serum immunoprecipitated a 78-kDa band not detected in 
cells transfected with pCD(38-9.4:S 1M s-A) or pCITE 
(SXS ll65 -A) alone. This protein, in addition to the NS3 
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FI G. 6. Processing of HCV polyprotcin substrate in trans. Plas- 
mid pCITE(NS4-5) was transfected alone (lanes 1 to 3) or with clone 
pCITE(NS3) (lanes 4 to 7). Cell rysates were immunoprecipitated 
with anti-NS3 (lane 4), anti-NS4 (lanes 1 and 5), anti-NS5a (lanes 2 
and 6), and anti-NS5b (lanes 3 and 7) antibodies. The truncated form 
of NS5b is indicated as NS5b\ Proteins were resolved on an 
SDS-10% poryacrylamide gel. Positions of molecular weight stan- 
dards (in kilodaltons) and of relevant HCV products are indicated. 



product derived from pCITE(NS3), was recognized by the 
NS3-specific antiserum (Fig. 5, lanes 3, 4, 7, and 8). The 
78-kDa protein probably represents the uncleaved NS3- 
NS4a precursor. The processed NS4a and NS4b products 
were not detected in the cx> transfected cells, suggesting that 
expression of the NS4-related prote ins ha d not been restored 
to normal by the cotransfection of pCITE(NS3) and pCD(38- 
9.4:S 1165 -A) (Fig. 5, lanes 4 and 8). 

To further examine processing of the NS4 and NS5 
regions, cotransfection experiments were performed with 
pCTEE(NS3) and pCITE(NS4-5). The latter plasmid contains 
nucleotides 5281 to 9071 encoding amino acids 1651 to 2921 
which represent NS4 and part of NS5. Transfection of 
pCITE(NS4-5) alone resulted in the synthesis of uncleaved 
precursors which were immunoprecipitated by both NS4- 
and NS5-specific ant isera ( Fig. 6, lanes 1 to 3). In contrast, 
cotransfection with pCITE(NS3) resulted in the synthesis of 
mature forms of NS4a, NS4b, and NS5a and of the truncated 
form of NS5b, NS5b' (Fig. 6, lanes 4 to 7). Thus, cleavage at 
the N termini of NS4b, NS5a, and NS5b can be mediated in 
trans by NS3 whereas processing at the N terminus of NS4a 
cannot, suggesting that cleavage occurs as an intramolecular 
event (in cis). 

To characterize in detail the NS4-related proteins, we 
compared the molecular weights of the NS4 p olypeptides 
d erived from the cotransfection of pOTE(NS3) and 
pCTTE(NS4-5) with those of the NS4 products obtained from 
the transfection of pCD(38-9.4). As shown in Fig. 7, NS4a 
protein derived from p CD(38-9.4) is slightly smaller than that 
obtained from pOTE(NS4-5). This difference in molecular 
weight is probably due to the presence of NS3-related 
residues at the N terminus of NS4 derived from 
pCITE(NS4-5) which cannot be removed in trans by the 
HCV protease. This observation suggests that the actual 
border between NS3 and NS4 is located downstream of 
amino acid residue 1651. Furthermore, the observation that 
the difference in molecular weight is also observed for the 
putative NS4a+b precursor but not for the NS4b protein 
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FIG. 7. Identification of NS4 precursor and mature products. 
Lysates from cells transfected with plasmid pCD(3&-9.4) (lane 1) or 
pC3TE(NS4-5) (lane 2) were immunoprecipitated with anti-NS4 
antibodies. HCV proteins were resolved on an SDS-15% poryacryl- 
amide gel. Positions of molecular weight standards (in kilodaltons) 
and of relevant HCV proteins are indicated. 



supports our interpretation of the 31-kDa polypeptide as the 
NS4a+b precursor; as observed for the NS4a polypeptide, 
the NS4a+b protein derived from plasmid pCITE(NS4-5) 
contains additional residues originating from NS3 and there- 
fore is larger than the same protein derived from the wild- 
type plasmid. 

DISCUSSION 

We have analyzed HCV protein biogenesis by in vitro 
translation studies and by transient expression in mamma- 
lian cells to characterize the sizes of the proteins expressed 
by specific regions of the HCV ORF and to determine the 
role of cellular protease and of the putative viral protease in 
HCV poryprotein processing. The results obtained confirm 
the previously reported observation that the structural re- 
gion of HCV is processed by cellular proteases indepen- 
dently of the presence of the nonstructural proteins (14). 
Furthermore, they demonstrate that the NS3 protein is a 
serine protease and that a cataryticalry active NS3 is re- 
quired for the proper cleavage of most of the nonstructural 
proteins. 

A more detailed description of the genetic order and size 
of the proteins encoded by the HCV genome can now be 
provided on the basis of immunoprecipitation of virus- 
specific proteins with antisera directed against precise re- 
gions of the HCV ORF. In addition to the putative structural 
components of HCV, which have already been mapped to 
the N terminus of HCV ORF, other proteins can now be 
identified. Therefore, the HCV genetic order is the follow- 
ing: ra r p21-gp37-gp61-p24-p68-r^p26-p56-p65-COOH. 
p21, gp37, and gp6T correspond to the structural proteins C, 
El, and E2/NS1, respectively, as shown by the in vitro 
translation of the most N-tenninal 850 amino acids (Fig. 2) 
and as reported by Hijikata et al. (14). Interestingly, the 
expression of El in transfected cells resulted in the synthesis 
of two proteins of 34 and 37 kDa which were both immuno- 
precipitated with an anti-El antiserum (Fig. 3). The pattern 
of expression of the El protein in transfected cells is 
therefore different from that observed in in vitro translation 
studies, in which a single protein product of 37 kDa is 
observed (Fig. 2). The two proteins corresponding to Ei 
expressed in transfected cells are probably due to incom- 
plete grycosylation or processing of the viral glycoprotein 
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and have been observed both in mammalian and insect cells 
(19, 22). 

The protein encoded by the NS2 region of HCV ORF is a 
polypeptide of 24 kDa. The size of this protein differs from 
that encoded by the NS2 gene of flaviviruses, indicating that 
no further processing of this region takes place other than 
the release of p24 from the precursor (2). Immunoprecipita- 
tion of a large 78-kDa protein with both anti-E2/NSl and 
anti-NS2 antisera suggests that this protein represents an 
uncleaved E2/NS1-NS2 precursor. This observation is not 
unique to HCV but has been reported also for the processing 
of fiavivinises (2, 21), suggesting that the maturation of 
E2/NS1 and NS2 proteins is not a cotranslational event, but 
that it may occur at later stages of the biogenesis of these 
two polypeptides. Alternatively, expression of the HCV 
ORF in this particular system is higher than normal physio- 
logical levels such that the cleavage between E2/NS1 and 
NS2 may be a limiting event due to the shortage of specific 
cellular factors required for proper processing at this site. 

NS3 antiserum recognizes a 68-kDa protein, in agreement 
with the predicted molecular weight of NS3. Interestingly, a 
minor 47-kDa band is also consistently recognized by anti- 
NS3 antibodies in immunoprecipitation experiments using 
denatured antigens (Fig. 3) as well as in Western immuno- 
blots (data not shown). The 47-kDa protein therefore very 
probably does not represent a cellular product associated 
with the viral protease but rather is a further cleavage or 
degradation product derived from the NS3 region. The 
functional significance of this 47-kDa protein in HCV pro- 
cessing is unknown. 

The NS4 region of the HCV ORF is cleaved into two 
distinct products, NS4a and NS4b, which are both recog- 
nized by the rabbit polyclonal antiserum. This observation is 
consistent with the processing profile of fiavivirus nonstruc- 
tural region (2). Although we do not have antisera directed 
against selected regions of NS4, it is very likely that the 
NS4a protein of 6 kDa is the most N-terminal part of the NS4 
gene, whereas the NS4b protein of 24 kDa is encoded by the 
C-terminal region of the NS4 gene. This conclusion is in part 
supported by complementation studies of the mutated clones 
lacking a catarytically active NS3, which showed that the 
NS3-NS4 uncleaved product has the molecular weight which 
corresponds to the sum of the molecular weight of NS3 and 
NS4a (Fig. 5). Furthermore, we have consistently observed 
the presence of an NS4-related 31-kDa protein in our immu- 
noprecipitation experiments, which we interpret as being the 
NS4a+b precursor. 

The NS5 region of the HCV poryprotein is cleaved into 
two smaller products of 47 and 65 kDa; the processing of this 
region therefore differs from that of flavrvirus NS5, which is 
released from the poryprotein precursor as a single protein of 
110 kDa. The GDD consensus sequence characteristic of 
RNA-dependent RNA polymerases is located in NS5b (res- 
idues 2736 to 2738), indicating that this protein may act as a 
viral RNA replicase during HCV-specific RNA synthesis 
(17). However, NS5a could also have a function in the 
replication of the viral genome, acting as a component of the 
replication complex involved in the reaction. 

Processing of C, El, and E2/NS1 is mediated by signal 
peptidases located in the endosplasmic reticulum lumen of 
the host cell as in the case of the flavrvirus structural 
proteins. This conclusion is based on in vitro translation 
studies, in which mature forms of the putative structural 
components of HCV are observed when the translation 
reaction is carried out in the presence of microsomal mem- 
branes. A similar result has been obtained by Hijikata et al. 



(14), who have indicated the presence of hydrophobic seg- 
ments located at the N termini of El and E2/NS1 (residues 
174 to 191 and 371 to 383, respectively) which could act as 
signal sequences. Furthermore, transfection experiments 
with plasmid pCD(38-9.4:S U6r A), in which the catalytic Ser 
residue has been substituted with Ala, indicates that the 
expression and processing of the El and E2/NS1 proteins are 
not affected by this mutation, suggesting that the processing 
of the structural region is independent of the NS3 protease. 
Similarly, cleavage at the N termini of NS2 and NS3 is also 
not dependent on the NS3 protease, since the NS2 protein is 
properly processed in this plasmid (Fig. 4). The nature of the 
protease(s) responsible for cleavage at these two sites is 
unknown; however, release of the flavrvirus NS2a protein 
from the poryprotein precursor is thought to be mediated by 
a cellular protease, and a similar mechanism may generate 
the NS2 protein of HCV (8* 15). Interestingly, there seems to 
be a requirement for NS2 in the processing o f the N terminus 
of NS3, as shown by the transfection of pCITE(SX) (Fig. 
3B). In this construct, most of NS2 has been removed, with 
a concomitant impairment of the cleavage at the NS2-NS3 
site demonstrated by the larger size of the viral protease 
(Fig. 3B). In view of the hydrophobic nature of the NS2 
polypeptide, it is possible that the NS2 protein is required for 
correct localization of the NS2-NS3 protein in the cyto- 
plasm, which renders the precursor available to cellular 
protease(s) for proper cleavage. Recently, the cellular local- 
ization of the dengue type 2 virus NS3-NS4a-NS4b-NS5 
precursor protein was shown to be distinctly different from 
the perinuclear localization of the mature NS5 protein, and 
the distribution of these proteins within the cytoplasm has 
been suggested to be determined, at least in part, by the 
NS2b polypeptide (35). 

The data reported here indicate that the NS3 protease 
activity is required for processing of the nonstructural pro- 
teins NS3, NS4, and NS5. The NS3 protease acts in cis at its 
C terminus to release itself from the poryprotein precursor in 
a fashion similar to that of the viral protease of flaviviruses 
and pestiviruses. This conclusion is based on the observa- 
tion that cleavage at the N terminus of NS4a cannot be 
complemented in trans, whereas cleavage activity at the N 
termini of NS4b, NS5a, and NS5b can be demonstrated in 
trans (Fig. 5 and 6). The N termini of NS5a and NS5b are 
processed when pCTTE(NS3) is cotransfected with th e full- 
length clone pCD(38-9.4:S n6S -A) or with clones pCITE 
(SXS 1165 -A) and pCITE(NS4-5), whereas the processed 
NS4b product is detecte d only when pCITE(NS3) is cotrans- 
fected with plasmid pCTTE(NS4-5) (Fig. 6). A possible 
explanation of the difference in protein profile in these 
co transfection experiments may be that detection of the 
NS4b protein in transfected cells depends on the presence of 
processed NS4a. Possibly, NS4a and NS4b form a complex 
which determines the stability of both polypeptides in trans- 
fected cells. However, the lack of release of NS4a from the 
poryprotein precursor may undermine this interaction, com- 
promising the stability of NS4b and therefore preventing its 
detection in the transfected cells. Alternatively, the cleavage 
at the N terminus of NS4b may not be complemented in 
constructs pCD(38-9.4:S ll6 s-A) and pCITE(SXS 116 s-A), re- 
sulting in the lack of detection of the processed NS4b. This 
latter possibility is less probable since an uncleaved precur- 
sor with a molecular size corresponding to the sum of the 
sizes of NS3, NS4a, and NS4b (approximately 100 kDa) is 
not detected in the transfected cells (Fig. 5). 

The data presented here are in complete agreement with 
sequence alignment studies which had predicted that NS3 is 
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a serine protease important for HCV polyprotein processing 
and therefore assigned a pivotal role to this protein in the 
biogenesis of mature HCV polypeptides. The exact location 
of the protease domain on the amino acid sequence of NS3 is 
not yet available but is predicted to be near the N terminus 
of this protein (23). Although no deletion studies have been 
presented, the identification of Ser-1165 as the catalytic 
residue clearly shows that the catalytic site is located close 
to the putative N terminus of NS3. 

Although the N terminus of each protein has been roughly 
positioned on the HCV polyprotein on the basis of similarity 
to flavivinises, no information is available concerning the 
exact sequence at the cleavage sites with the exception of 
the data provided by Hijikata et ah, who have identified the 
N termini of El and E2/NS1 (14). Efforts directed toward 
obtaining direct ammo-terminal sequence data should be 
highly rewarding because such data will allow a better 
definition of HCV polyprotein map and provide useful 
information on the sequence requirement for the cleavage 
activity of NS3. 

The results described here provide an important descrip- 
tion of the genetic order of the HCV proteins on the viral 
polyprotein and of the processing events required for the 
biogenesis of the HCV polypeptides. This information rein- 
forces the genetic similarity between HCV and flaviviruses 
and pestiviruses, substantiating the common genetic origin 
which places these viruses in the same family. It is clear, 
however, that the results obtained with this transient expres- 
sion system may not faithfully reproduce the proteolytic 
events which take place during HCV infection. It is possible 
that the level of protein expression obtained in this system 
may be much higher than normal, affecting important equi- 
libria between precursors and proteases, which in turn may 
regulate HCV replication and protein synthesis. It is also 
impossible at this time to correlate the proteolytic activity of 
NS3 with virus replication. This type of consideration awaits 
the development of an in vitro infection system or of an 
infectious cDNA clone with which it should be possible to 
examine more closely the intracellular events that regulate 
HCV replication and protein biogenesis. 
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ABSTRACT Hepatitis C Tims (HCV) is an important 
human pathogen that is associated with transfusion-related 
Don- A, non-B hepatitis. Recently , HCV cDNA was cloned and 
the nucleotide sequence of approximately three-quarters of the 
titus genome was determined. A region of the predicted 
pofyprotein sequence was found to share similarity with a 
nonstructural protein encoded by dengue virus, a member of 
the flarfvirus family. We report here that HCV shares an even 
greater degree of protein sequence similarity with members of 
the pesdrirus group (I.e., bovine viral diarrhea virus and bog 
cholera virus), which are thought to be distantly related to the 
flaviviruses. In addition, we find that HCV shares significant 
protein sequence similarity with the polyprotems encoded by 
members of the picornavirus-like and aipha virus-tike plant 
virus supergroups. These data suggest that HCV may be 
evolutionarfly related to both plant and animal viruses. 



In recent years non-A, non-B (NANB) hepatitis has become 
the most common form of posttransfusion hepatitis (for 
reviews, see refs. 1-4). Although first discovered over a 
decade ago the etiological agent has remained elusive (5, 6). 
Studies involving the experimental inoculation of chimpan- 
zees provided evidence that the infectious agent was a 
ltpid-containing virus 30-60 nro in diameter bearing strong 
resemblance to members of the Togaviridae family (7-11). 
Since titer of the virus in serum rarely reaches 10* chimpan- 
zee infectious doses in patients, or experimentally infected 
animals, additional research has been difficult. 

Recently, a Agtll library was constructed with cDNA 
synthesized from the RNA of the putative etiological agent of 
NANB hepatitis (12). Protein synthesized by a specific 
recombinant reacted exclusively with sera from NANB pa- 
tients (13). Molecular hybridization analysis demonstrated 
that the etiological agent, termed hepatitis C virus (HCV), is 
an RNA virus with a genome size of =10 kilobases. The 
sequence of nearly three-quarters of the virus genome has 
been reported (14). Analysis indicates that the virus genome 
is of the plus, or message sense, polarity and appears to lack 
a poIytA) tail at its 3' end. The virus genome encodes a single 
polyprotein, a portion of which shares amino acid sequence 
similarity with the nonstructural number 3 (NS3) protein of 
dengue type 2 virus, a member of the flavivims family. 
Additional computer-assisted protein analysis, presented 
here, demonstrates that HCV shares sequence similarity with 
the polyproteins of animal pestiviruses as well as those of the 
carmovirus and poty virus families of plant viruses. 
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MATERIALS AND METHODS 

Computer Analysis. Computer analysis was through the 
BIONET National Computer Resource for Molecular Biol- 
ogy. The program fasta (15) was used to search the Euro- 
pean Molecular Biology Organization (EMBO) and GenBank 
nucleotide data bases and the Swiss (SWS) and National 
Biomedical Research Foundation (NBRF) protein data bases 
for sequences with similarity to HCV sequences, fasta, a 
derivative of the fastp program that can be used for both 
nucleotide and amino acid data base searches, allows multi- 
ple regions of similarity between two sequences to be joined 
to determine a maximum alignment. Briefly, for a protein 
data base search, an initial similarity score is calculated based 
on a parameter that determines how many consecutive iden- 
tities are required in a match and on the total number of 
identical and similar amino acids as specified by the PAM-250 
matrix (16). Next, the fasta program determines whether 
several regions with high initial similarity values can be 
aligned. If so, the program produces an optimal similarity 
score. There are several limitations imposed when using this 
program on bionet. One is that only data base files, and not 
individual user files, can be analyzed. The second limitation 
is that only one scoring matrix (i.e., the PAM-250 matrix) can 
be used for the analysis. Within the fasta program is a 
program rdf2 that evaluates the statistical significance of 
similarity scores by calculating a mean value and the standard 
deviation from the mean for the similarity scores of se- 
quences in the data base. In this study, a stringent cutoff 
value for significance of ^20% amino acid identity in ^100 
residues was also incorporated. Values cited in the text are 
given as optimized similarity scores with accompanying 
standard deviation units above the mean calculated for each 
data base search. 

Three programs were used to determine regions of amino 
acid similarity considering only identical matches in the 
scoring matrix (17-19). The program homology was used to 
search for local regions of identity. Residues occurring in the 
alignments are cited in the text along with the probability that 
the matches occurred due to chance (e.g., P = 0.05 signifies 
that there is a 5% chance that the same match could occur 
between random sequences of the same size). The program 
align was used to determine the similarity over longer 
protein domains that encompassed regions with statistically 
significant matches of identical amino acids. The calculated 
value //max is directly proportional to the degree of similarity 
between two sequences over a region of defined size. It 
should be noted that scores produced by the alignment 
of random sequences range from 20 to 25 for sequences of 190 



Abbreviations: HCV, hepatitis C vims; NANB, non-A, non-B; 
CARMV, carnation mottle virus; NS, nonstructural. 
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amino acids using the default parameter settings of the 
program and a segment size of 195 amino acids. Finally, the 
program genalign was used for multiple sequence align- 
ment 

RESULTS 

Houghton et al (14) have reported the nucleotide sequence 
of approximately three-quarters of the HCV genome. The 
predicted polyprotein sequence, translated from the NS 
protein region of the HCV genome, is 2416 amino acids long. 
Analysis by Houghton and coworkers revealed that, among 
the virus sequences examined, the polyprotein sequence of 
HCV was most similar to that of a flavivims. They reported 
a similarity between a 530-amino acid domain of the HCV 
polyprotein sequence and the NS3 protein sequence of den- 
gue virus. We were intrigued by the uniqueness of the HCV 
sequence and performed searches using several programs to 
identify global or local regions of significant similarity be- 
tween HCV and other sequences. This was of special interest 
since the nucleotide sequences of two pestivims genomes, 
bovine viral diarrhea virus (20) and hog cholera virus (21), 
were determined recently. 

First, we used computer-assisted nucleotide sequence 
analysis to look for similarity between HCV and any se- 
quence recorded in the data base files. Computer searches 
conducted using the program fasta with the HCV RNA 
genome as the query sequence did not result in a statistically 
significant match with nucleotide sequences in the EMBO or 
GenBank data bases. These results are in agreement with 
those of Houghton and coworkers (14). Thus, we conclude 
that the genome of HCV is not closely related to that of any 
known RNA virus. 

Next, data base searches using the fasta program and the 
PAM-250 matrix of Dayhoff (16) were performed to detect 
protein sequences possessing significant global similarity to 
the HCV polyprotein. HCV query sequences used were the 



complete 2416-amino acid polyprotein sequence, as well as 
the N terminus (i.e., residues 1-1299), and the C terminus 
(i.e., residues 1200-2416) of the reported HCV genome poly- 
protein. Searches were conducted using both the SWS and 
NBRF protein sequence data bases. The fasta search of the 
NBRF data base using the entire 2416-residue HCV sequence 
produced one statistically significant alignment. We found that 
the amino acid sequence of HCV shared 20.6% amino acid 
identity with the dengue type 2 virus (22) NS3 protein over a 
618-amino acid domain that encompassed the 530-amino acid 
region of similarity reported by Houghton et al (14). In 
addition to the 141 matches between identical amino acids, 
there were 262 amino acids matched by the PAM-250 matrix 
for a total similarity of 60%. The optimized similarity score of 
137 was 11.6 SD units away from the mean value of the 
analysis. The search of the SWS data base using the 2416- 
residue HCV polyprotein did not produce a statistically sig- 
nificant alignment. Therefore, using the 2416-amino acid se- 
quence as the query sequence only one alignment score was 
statistically significant in our analysis. 

The fasta search of both the NBRF and SWS data bases 
with the N terminus of the HCV polyprotein as the query 
sequence yielded an alignment that was identical to the one 
described above. The fasta search of the two data bases 
using the C terminus of the HCV polyprotein as the query 
sequence produced unexpected results. A statistically signif- 
icant alignment was identified between residues 2058 and 
2380 of the HCV polyprotein and the putative replicase of 
carnation mottle virus (CARMV), a member of the carmo- 
virus group of plant viruses (23). Over a domain of 331 amino 
acids 67 (20%) of the residues were identical and 126 (38%) 
were scored as similar by the PAM-250 matrix for a total 
similarity of 58% (Fig. 1). The optimized similarity score of 
the alignment was 140, which was 11 SD units above the mean 
score of the search. Overall, the HCV polyprotein was found 
to possess significant global similarity to only two sequences 
in the protein data bases. 
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Fig. 1. Alignment of the 
HCV polyprotein sequence (sin- 
gle-letter code) with the putative 
replicase of CARMV. Residues 
2058-2380 of the predicted ge- 
nome polyprotein of HCV (14) 
are aligned with residues 356- 
671 of CARMV (23) that are 
thought to represent the se- 
quences specifying the virus 
replicase. Identical amino acid 
matches are connected with a 
solid line, while matches scored 
as similar by the PAM-250 ma- 
trix are connected with a colon. 
Dashes represent spaces be- 
tween adjacent amino acids that 
have been inserted to optimize 
the alignment. Asterisks high- 
light the six amino acids that 
have been shown to be invariant 
among RNA virus replicases 
(24). 



Evolution: Miller and Purcell 

Next, we used several programs to determine whether the 
HCV pol yprotein shared local regions of similarity with other 
virus sequences scoring only identical amino acid matches. 
Analysis using the program homology revealed the pres- 
ence of statistically significant amino acid matches between 
HCV and two pestivirus pol yprotein sequences. For exam- 
ple, the HCV sequences WLATATPPGS VT (residues 874- 
886) and QRRGRTGRGKPGIYR (residues 1016-1030) were 
statistically similar to the bovine viral diarrhea virus (20) 
sequences VVAMTATPAGSVT (residues 2043-2055) and 
QRRGRVGRVKPGRYYR (residues 2199-2214) at the P - 
0.007 and 0.0005 levels, respectively. For reference pur- 
poses, we term the former HCV sequence region A and the 
latter HCV sequence region B. Similar findings were ob- 
tained when analyzing the hog cholera virus protein sequence 
(21). HCV regions A and B were also found to be similar to 
flavivirus and plant potyvirus polyprotein sequences; how- 
ever, no such similarity was detected by comparing HCV to 
alphavirus, rubivirus, oncornavirus protein sequences. For 
example, the HCV sequence TATPPGS (residues 878-884) 
in region A was found to be identical to the dengue type 4 
virus (25) sequence TATPPGS (residues 1796-1802), which is 
a statistically significant match at the P = 0.044 level. This 
sequence alignment was also present in the global alignment 
of Houghton and coworkers (14) and in our alignment using 
the program fasta as described above. In addition, the HCV 
sequence LWLATATPPG (residues 873-883) of region A 
was significantly similar to the tickborne encephalitis virus 
NS3 sequence (26) LVLMTATPPG (residues 1806-1815) at 
the P = 0.019 level of significance. Significant similarity was 
also found between HCV sequence region B and a plant 
potyvirus protein sequence. Specifically, the HCV sequence 
QRRGRTGRGKPG (residues 1016-1027) was similar to the 
sequence QRFGRVGRNKPG (residues 1463-1474) of the 
tobacco vein mottling virus (27) at the P = 0.018 level of 
significance. Overall, two regions of the * 'NS3-like" repon of 
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Table 1. H m similarity values 

HCV HOG BVD TBE JEV YFV DEN WNF KUN TVM 



HCV — 51 52 41 41 40 38 37 33 47 

HOG — — 169 38 34 33 35 37 33 47 

BVD — — — 39 34 34 38 36 37 48 

TBE — — — — 91 87 90 90 93 35 

JEV — — — — — 88 118 159 163 35 

YFV — — — — — — 94 95 90 39 

DEN — — — — — — — 117 121 36 

WNF — — — — — — — — 177 34 

KUN — — — — — — — — — 35 

TVM — — — — — — — — — — 



The following virus sequences were used in the analysis: HCV 
(14); HOG, hog cholera virus (24); BVD, bovine viraj diarrhea virus 
(23); TBE, tickborne encephalitis virus (25); JEV, Japanese enceph- 
alitis virus (28); YFV, yellow fever virus (29); DEN, dengue virus 
(25); WNF, West Nile fever virus (30); KUN, Kunjin virus (31); 
TVM, tobacco vein mottling virus (26). 

the HCV polyprotein were found to share sequence similarity 
with pestivirus, flavivirus, and potyvirus proteins. 

To determine the degree of relatedness among HCV and 
the proteins of the pesti-, flavi-, and potyviruses, we used 
several programs to analyze a 190-residue domain encom- 
passing HCV regions A and B. In the program augn, the 
calculated value is directly proportional to the degree of 
similarity between two sequences over a region of defined 
size. The analysis indicated that the 190-amino acid region of 
HCV was most similar to that of bovine viral diarrhea virus 
(#m*x = 52), hog cholera virus (H m = 51), and tobacco vein 
mottling virus (H^ = 47). Interestingly, HCV shared more 
similarity with the potyvirus sequence than it did with any of 
the flavivirus sequences (//max = 33-41) examined (Table 1). 
Multiple sequence alignment of these four sequences using 
the program genalign demonstrates that there are 25 amino 



HCV WlaTATPPGSVT vpHPnIEE — valsttGE IpfyGkalPleviKGgrhLiFchskkkc 

II MM MM M lit II I II II I I 

BVD VVTU^ATPAGSVTTTGQKHP-IEEFIAPEVMKGEDLGSqfLDIAG 

IMIIIMI! IMMIIII M M I M I I I I I I M I I MIMMMI III llllllllllll 

HOG VVAMTATPAGtWTTGQKHP-IEEFIAPEVMKGEDLGSeyLDIAGLKIPVeEMK-nNMLVFVPTRK^ 

III I II I 

TVM ii^sATPPGrecdltt-qypvEllIeeqlslrdfvdaqg^Dahadvvkkgdnilvyvasynevdqls 



HCV dELAaKLvAlGiNavaYY — rGldvsvipTS-gdWvVATdAlmtGyT-gDfDsVID-cntCvtqtVd 

I I II I I I II II I III I I I I I III I 

BVD VEvAKKLKAKGTOSGYYYSGEDPaNLRVVTSQSPY^ 

II I MM) MIMMMI MM Mill III III MIIMMMMIMI I II III II II I 
HOG VEaAKKLKAKGYNSGYYYSGEDPsNXJtVVaSQSPYVvVATNA 

I I MM II MM I MM I III 

TVM kmLnergflvtkvdGrt^lgGveiitk^ Wp 

* *** * * * * * * 



HCV fSldPtftietitlPqdavsRtQRRGRtGRgKPGi-YR 
II Mill II III II 

BVD S SKiPF IVTGLKRMAVTvGEQAQRRGRVGRVKPGRYYR 

! I I I I I I I I I I I I ! I IIIIIIIIIIIIIIIIIMI 
HOG SpKmPFIVTGLKRMAVTiGEQAQRRGRVGRVKPGRYYR 

II II Mill III I 
TVM nldsdnrlvsyckiPislGERiQRfGRVGRnKPGvalR 

** ** ** *** * 

Fig. 2. Multiple sequence alignment of a conserved domain in the genome proteins (single-letter code) of HCV, pesti viruses, and a plant 
potyvirus. Alignment of the following regions of the genome polyproteins of four viruses are shown: HCV, residues 874-1030 of HCV (14); BVD, 
residues 2025-2196 of bovine diarrhea virus (20); HOG, residues 1886-2057 of hog cholera virus (21); TVM, residues 1311-1477 of tobacco vein 
mottling virus (27). Identically matched amino acids between two or more virus proteins are shown as capital letters connected with a straight 
line. Unmatched amino acids are depicted with lowercase letters. Dashes represent spaces between adjacent amino acids that have been inserted 
to optimize the alignment. Invariant residues are highlighted with an asterisk. 
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acids that are invariant among these diverse virus proteins 
(Fig. 2). Thus, it is likely that this region was conserved in 
evolution because the protein has an important biological 
function in virus replication or gene expression. 

DISCUSSION 

In this study, we used computer-assisted protein analysis to 
search for sequences with significant similarity to the HCV 
polyprotein. To identify sequences sharing global similarity, 
we used a data base searching program that incorporated the 
PAM-250 matrix to produce alignments consisting of identi- 
cal and similar amino acid matches. The analysis revealed 
that the HCV polyprotein possessed statistically significant 
similarity to only two sequences in the protein data bases. 
Both sequences were viral in origin. First, the NS3 protein of 
dengue type 2 virus aligned with a 618-residue domain located 
near the N terminus of the HCV polyprotein. This represents 
an extension of nearly 100 amino acids over an alignment 
reported by Houghton and coworkers (14) that spanned 530 
residues within the same region. Second, the putative repli- 
case of CARM V aligned with a region at the C terminus of the 
HCV polyprotein. This finding was unexpected since 
CARM V, a member of the carmovirus family, is a plant virus. 
Overall, the polyprotein of HCV was found to share global 
similarity with protein sequences encoded by RN A viruses of 
both animals and plants, which adds support to the hypoth- 
esis that there is an evolutionary relationship between these 
two virus groups. 

Analysis in which programs were used to search for regions 
of local identity of amino acids revealed that regions of the 
HCV polyprotein aligned with the NS3 protein sequence of 



flaviviruses and with corresponding regions of the polypro- 
teins of pesti viruses and plant poty viruses. The similarity was 
the greatest between HCV and pesti viruses. The reason that 
this similarity was not detected by others previously, or in 
our data base searches, was that the pesti virus sequences 
were published only recently and were not in the data bases 
for analysis. (Therefore, we analyzed the sequences from 
user files that we created.) Unexpectedly, we did not find 
significant similarity between the HCV genome protein se- 
quence and the putative replicase of the flaviviruses or 
pesti viruses. 

Comparative analysis of the polyproteins of the members 
of the flavivirus family reveals that the sequences of the NS 
proteins are highly conserved (Fig. 3). Multiple sequence 
alignment of the predicted polyprotein sequences of Japanese 
encephalitis (28), yellow fever (29), West Nile (30), Kunjin 
(31), tickborne encephalitis (26), and three dengue virus 
isolates (25, 32, 33) demonstrates that there are several 
regions of high amino acid conservation. Within the consen- 
sus polyprotein sequence of ess 34O0 amino acids there are 21 
domains that possess 5 or more consecutive amino acids that 
are identical in every flavivirus sequence (unpublished data). 
Eight of these domains are located in the NS3 protein 
sequence. The 190-amino acid domain of NS3 that shares 
sequence similarity with HCV contains 3 of these conserved 
domains. The first is a 7-residue sequence MTATPPG found 
at the N terminus of the domain. The second is a 5-residue 
sequence EMGAN near the C terminus. The third is an 
8-residue sequence SAAQRRGR located at the extreme C 
terminus of the domain. Regarding the latter sequence, 
although the next 3' residue is variable among flavivirus 
sequences the following 2 residues are always GR. Our 
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Fig. 3 . Histogram of invariant amino acids in the genome polyprotein of the flaviviruses. The program gen align was used to align the amino 
acids of the following flaviviruses: three isolates of dengue virus (25. 32. 33), Kunjin virus (31). Japanese encephalitis virus (28). tickborne 
encephalitis virus (26). West Nile virus (30), and yellow fever virus (29). The number of identical amino acids at each position for all 8 sequences, 
within a block of 50 contiguous residues, is plotted against the position of the residues on the consensus genome polyprotein. The insertion of 
gaps to optimize the alignment resulted in a total length of the consensus sequence that was longer than any of the individual polyproteins. The 
gene order of the polyprotein is shown at the top illustrating the position of the structural proteins [i.e.. the capsid (C), matrix (M), and envelope 
(E) proteins} and the NS proteins. The open box under the NS3 protein heading depicts the 190-amino acid domain that shares sequence similarity 
with regions A and B of the HCV polyprotein. The asterisk represents the position of the invariant GDD moiety of RNA virus replicases. 
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analysis indicates that only the first and third domains share 
significant similarity to HCV in the regions of the polyprotein 
sequence that we have termed A and B. 

The NS3 gene region of flaviviruses may encode a protein 
with several enzymatic activities. First, the N terminus of the 
NS3 protein is known to share sequence similarity with serine 
proteases (34). Second, the central domain of NS3 of both 
flaviviruses and plant potyviruses has been shown to share 
sequence similarity with helicase-Iike nucleoside triphos- 
phate binding (NTB) proteins from eukaryotic and prokary- 
otic cells (35). We find that HCV also shares similarity to 
NTB proteins in regions A and B of the polyprotein sequence 
(unpublished data). Thus, it is possible that flavi-, poty-, and 
pesti viruses, as well as HCV, encode a NTB protein that has 
been conserved in evolution because of its important cata- 
lytic function in virus gene expression or replication. 

The NS5 protein has the most highly conserved amino acid 
sequence of any of the fiavivirus proteins and is thought to 
encode the virus replicase. Within NS5 there are 10 domains 
that contain ^5 consecutive identical amino acids including 
the longest tract of invariant residues (i.e., 14 amino acids) 
identified in the alignment of the polyproteins. In addition, all 
fiavivirus NS5 proteins possess the 6-amino acid residues 
that are known to be invariant among RNA polymerase 
sequences (24). Despite the fact that NS5 is more highly 
conserved than NS3, we found that there was no statistically 
significant similarity between the fiavivirus NS5 protein and 
the HCV polyprotein using global or local alignment pro- 
grams. The only sequence that possessed statistically signif- 
icant similarity with a region at the C terminus of the HCV 
polyprotein sequence was the putative replicase of CARMV. 
Therefore, the HCV replicase may be most closely related to 
that of a plant virus. 

Overall, we find that HCV sequences share significant 
similarity with proteins from members of two unrelated plant 
virus families. RNA viruses of plants have been assigned to 
two supergroups based on the similarity of their genome and 
protein sequences to either the picorna- or the alphavinises 
of animals. The picomavirus supergroup consists of the 
como, nepo-, and potyviruses, while the alphavirus, or 
Sindbis-like, supergroup consists of the alfalfa mosaic, ilar-, 
bromo-, cucumo-, tobarno, potex-, tobra-, furo-, nordei-, 
tombus-, and carmovirus groups (36). There is some specu- 
lation that the tombusviruses and carmoviruses may belong 
to a third supergroup because of their unusually small ge- 
nome size. The genome of the latter virus group is =4000 
nucleotides and does not encode an NS3-like protein. Our 
analysis indicates that amino acid sequences near the N 
terminus of the HCV polyprotein are similar to those of the 
potyviruses, while amino acid sequences near the C terminus 
of the HCV polyprotein are most similar to those of the 
carmoviruses. Thus, it is possible that HCV represents a 
recombinant virus possessing an N terminus derived from a 
picornavirus-like ancestor and a C terminus derived from an 
alpha virus-like ancestor. However, it is clear that HCV is not 
closely related to any of these RNA virus families or any 
other RNA virus family thus far described. 

In conclusion, taxonomic classification of HCV must await 
analysis of the complete nucleotide sequence, which includes 
the genes encoding the structural proteins as well as the 5' 
and 3' noncoding regions. The data presented here suggest 
that HCV is distantly related to the pestiviruses and flavivi- 
ruses of animals and to members of two plant virus super- 
groups. It is possible that HCV is a recombinant virus since 
RNA recombination has been demonstrated for positive- 
strand (37) and negative-strand RNA viruses (38). Another 
possibility is that a single virus gave rise to HCV and these 
similar viruses. Thus, HCV may represent an evolutionary 
link between the plant virus supergroups and between viruses 
infecting both plants and animals. 
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Hepatitis C vims (HCV) is the major cause of transfusion-acquired non-A, non-B hepatitis. HCV is an 
enveloped positive-sense RNA virus which has been classified as a new genus in the fiavmrus family. Like toe 
other two genera in this family, the fiavhiruses and the pestrviruses, HCV polypeptides appear to be produced 
by translation of a long open reading frame and subsequent proteolytic processing of this polyprotein. In this 
study, a cDNA clone encompassing the long open reading frame of the HCV H strain (3,011 ammo jad 
residues) has been assembled and sequenced. This clone and various truncated derivatives were used In 
vaccinia virus transient-expression assays to map HCV-encoded polypeptides and to study HCV polyprotein 
processing. HCV poryprotdns and cleavage products were identified by using convalescent human sera and a 
panel of region-specific polyclonal rabbit antisera. Similar results were obtained for several mammalian cell 
tines examined, including the human HepG2 hepatoma line. The data indicate that at least nine polypepudes 
are produced by cleavage of the HCV H strain polyprotein. Putative structural proteins, located in the 
N-terminal one-fourth of the polyprotein, include the capsid protein C {21 kDa) foDowed by two possible virion 
envelope proteins, El (31 kDa) and E2 (70 kDa), which are heavily modified by N-tinked glycosylation. llie 
remainder of the polyprotein probably encodes nonstructural proteins including NS2 (23 kDa), NS3 (70 kDa), 
NS4A <8 kDa), NS4B (27 kDa), NS5A (58 kDa), and NS5B (68 kDa). An 82- to 88-kDa glycoprotein which 
reacted with both E2 and NS2-spedfic HCV antisera was also identified (called E2-NS2). Preliminary results 
suggest that a fraction of El is associated with E2 and E2-NS2 via disulfide linkages. 



Prospective and retrospective serologic studies indicate 
that even before the implementation of screening tests for 
hepatitis B surface antigen, non-B hepatitis accounted for 
the majority of transfusion-associated hepatitis in the United 
States (21, 22, 54). Recently, the major etiologic agent of 
non-A, non-B hepatitis (NANBH), hepatitis C virus (HCV), 
was cloned and sequenced (7, 32). This breakthrough has led 
to the development of immunological and nucleic acid-based 
methods for detecting HCV infection. HCV infection can 
result in various clinical outcomes, including acute hepatitis, 
chronic hepatitis, cirrhosis, or the establishment of an 
asymptomatic carrier state which may persist for life (for a 
review, see reference 31). Recent studies have also uncov- 
ered a strong association between chronic HCV infection 
and the development of hepatocellular carcinoma (12, 13, 
61). 

Since the initial molecular cloning of this agent and 
implementation of first-generation diagnostics, sequence 
data for a number of independent HCV isolates have been 
reported, immunoassays for detection of antibody have been 
improved, and our knowledge of HCV molecular biology is 
advancing rapidly (for a review, see reference 33). On the 
basis of their genome organizations and virion properties, 
HCV (9, 33), the pestiviruses (11), and the fiavfviruses (4) 
have been classified as three genera in the family Flaviviri- 
dae (19). Properties shared by these three groups include a 
lipid envelope, conferring sensitivity to organic solvents, 
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and a single-stranded, positive-polarity RNA genome con- 
taining a long open reading frame (ORF) which encodes the 
viral polypeptides. Polyproteins encoded by the HCV, fla- 
vrvirus, and pestivirus ORFs are -3,000, -3,400, and 
-4,000 amino acids long, respectively. The structural pro- 
teins are located in the N-terminal portion of the polyprotein 
and are followed by the putative nonstructural replicase 
components. Mature proteins, at least as shown for the 
fiaviviruses and pestiviruses (for a review, see references 10 
and 58), are produced by a combination of host and viral 
proteinases located in both the cytosol and the subcellular 
vesicular compartments. 

Although the cleavage products and proteolytic process- 
ing schemes of the fiaviviruses and pestrviruses have been 
extensively characterized, similar information has been re- 
ported only for the structural protein coding region of HCV 
(30). In this report, a hybrid vaccinia virus-T7 transient 
expression system (16, 20, 48) has been used to study 
processing of the entire HCV ORF. HCV-specific cleavage 
products were identified by using a collection of region- 
specific polyclonal rabbit antisera. These results provide a 
preliminary picture of HCV processing and a map of the 
polyprotein cleavage products. 

MATERIALS AND METHODS 

Cell cultures and virus growth. The BHK-21 and CV-1 cell 
lines were obtained from the American Type Culture Col- 
lection (ATCC), Rockville, Md., the BSC-40 cell line (3) was 
obtained from D. Hruby (Oregon State University), and the 
A16 subclone of the human hepatoma HepG2 cell line 
(ATCQ was generously provided by Alan Schwartz (Wash- 
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TABLE 1. HCV immunogens expressed in £. coli 



Construct* 



HCV restriction site* 



Vector site* 



pET-3xa/HCV 1-142 
pET-3xa/HCV 236-382 
pMAIx/HCV 393-670 
pET-8c/HCV 936-1032 
pMALc/HCV 1039-1207 
pET-8c/HCV 936-1207 
pMALc/HCV 1240-1488 
pMALc/HCV 1651-1976 
pET-3ra/HCV 1977-2313 
pMALc/HCV 2312-2623 
pMALc/HCV 2622-2872 



/4f*rU (335), Atari (762) 
Xhol (1046), Sofl (1482) 
Noel (1515), BspMI (2357) 
Ator, Spa (3433) 
Stol (3452), BamHT 
NcoV, BamHl e 
EcoOm (4057), BamHr* 
Eagl (5290), £coNl (6265) 
£coNI (6265), AScol (7274) 
Acol (7274), £coRIJ8205) 
EcoKl (8205), ATkzF 



Afcol, Bom HI 
EcoRI 

Ncol, BamtU 
Stul 9 BamW 
EcoRI 
Bamra 4 ' 
SmI, £coRI 
EcoRI, Afcal 



Rabbit do. 




WU120 


c 


WU122 


El 


WU105 


E2 


WU107 


NS2 


WU110 


NS3 


WU43 


NS2, NS3 


WU117 


NS3 


WUU1 


NS4A, NS4B 


WU123 


NS5A 


WU113 


NS5A, NS5B 


WU115 


NS5B 



• Constructs producing fusion proteins are shown in bold type. The numbers refer to the amino acid sequence of the HCV ORF which is included in each 

DNA porymerase I or T4DNA V*"™* 0^977-2313. the indicated HCV cDNA fragments were first cloned into the 5ml 

si* 5^t£ESSE^ SS^^Sor^ the property oriented HCV insert) were then subdoned into B^HI-digested 

^"constructs beginning with amino acid residue 936 or ending with residue 1207 or 1488. the restriction sites used for cloning. Atol and BamHI. respectively, 
were derived by PCR. 



fTti*Xba\ site is in the pGEM-3Zf(+) HCV(H) 17-8958 porylinker. 



ington University, St. Louis, Mo.). Cell monolayers were 
grown in Eagle's minimal essential medium (MEM) supple- 
mented with 2 mM L-glutamine, nonessential amino acids, 
penicillin, streptomycin, and 10% fetal bovine serum (FBS). 

Stocks of vTF7-3, a vaccinia virus recombinant expressing 
the T7 DNA-dependent RNA polymerase (20), and various 
vaccinia virus-HCV recombinants were grown in BSC-40 
monolayers and partially purified (34), and titers of infec- 
tious progeny were determined by plaque assay on BSC-40 
cells (34). 

HCV cloning and sequence analysis. Cloning and sequence 
analysis of the HCV Hutchinson (H) strain (18) are only 
briefly described here. The HCV H strain, a human isolate 
from an American with posttransfusion NANBH, was pas- 
saged twice in chimpanzees. Both of these animals devel- 
oped elevated serum alanine amino transferase levels and 
acute hepatitis. Liver tissue from the second chimpanzee 
passage was used for preparation of crude RNA suitable for 
cDNA synthesis, nested polymerase chain reaction (PCR) 
amplification (60, 72), and cloning. Synthetic oligonucleotide 
primers for amplification of specific regions of the HCV 
genome were originally synthesized on the basis of the 
published HCV type 1 cDNA sequence (8 [and references 
therein]). PCR-amplified cDNA was cloned into bacterial 
plasmid vectors, and several independent clones were iso- 
lated and used for sequence analysis, expression studies, 
and reconstruction of longer cDNA clones. Utilizing partial 
sequence data and restriction enzyme mapping, a clone 
containing the entire ORF, called pGEM-3Zf(+) HCV(H) 
17-9389F (see below), has been assembled. The clone has 
been completely sequenced (14) by the Sanger method (62) 
with a set of synthetic oligonucleotide primers whose se- 
quences were based on preliminary H strain sequence data. 
The sequence of this clone is colinear and is >98.5% 
homologous (at the nucleotide level) to recently published 
full-len^h (35) and partial (50) HCV H strain sequences. 

Bacterial expression constructs. Constructs were made by 
using standard methodology (62), and regions amplified by 
PCR (60) were verified by sequence analysis (62). Escherichia 



coli expression systems included the pET-3x series, which 
produce N-terminal fusions with the T7 gene 10 product (66), 
pMALc derivatives, which produce N-terminal fusions with £. 
coli maltose-binding protein (New England Biolabs), and 
pET-8c (also called pET-3d), which was used to produce 
unfused HCV proteins by using the T7 expression system (66). 
The expression constructs and subcloning strategies are sum- 
marized in Table 1. 

HCV-specific antisera. For production of HCV region- 
specific antisera, HCV polypeptides or fusion proteins ex- 
pressed in £. coli were obtained from the insoluble fraction 
(5) or total cell extracts and purified by preparative sodium 
dodecyl sulfate (SDS)-poryacrylamide gel electrophoresis 
(PAGE) (5, 39). Gel slices containing the antigens were 
stored frozen or lyophilized and then emulsified with com- 
plete Freund's adjuvant prior to immunization of rabbits (5). 
Serum samples were collected after multiple booster injec- 
tions with incomplete Freund's adjuvant. Reactivity and 
specificity of the antisera were assessed by immunoprecipi- 
tation assays with a set of radiolabeled HCV-specific cell- 
free translation products (data not shown; see also Results 
and Table 1). 

Serum samples from human patients chronically infected 
with HCV were generously provided by Henry Hsu and 
Harry Greenberg (Stanford University). Coded patient des- 
ignations are R, F, RJ, DS, and JHF. 

Mammalian expression constructs* As described above, 
pGEM-3Zf(+) HCV(H) 17-9389F was used as the parent for 
mammalian expression constructs. Plasmid expression vec- 
tors were derivatives of pTM3 (provided by B. Moss) (48). 
pTM3 contains a unique Ncol site and a polycloning region 
immediately 3' to the T7 promoter and the encephalomyo- 
carditis virus (EMC) internal ribosome entry site (IRES) 
(16). This system yields high levels of protein expression by 
using vTF7-3, a vaccinia virus recombinant which expresses 
the T7 DNA-dependent RNA polymerase (20). In addition, 
pTM3 contains flanking vaccinia virus DNA and a dominant 
selectable marker which readily allow rescue of the corre- 
sponding vaccinia virus recombinants (see below). 
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TABLE 2. HCV mammalian expression constructs 



Construct" 



HCV restriction site* 



Vector site* 



C-tenninal 
residue (no.)* 



pTMVHCV 1-3011 
pBRTM/HCV 1-3011 
pBRTM/HCV 827-3011 
pBRTM/HCV 1-2940' 
pBRTM/HCV 1-2813 
pBRTM/HCV 1-2508 
pBRTM/HCV 1-2398 
pBRTM/HCV 1-2205 
pBRTM/HCV 1-2101 
pBRTM/HCV 1-2051 
pBRTM/HCV 1-1957 
pBRTM/HCV M864 
pBRTM/HCV M773 
pBRTM/HCV 1-1692 
pBRTM/HCV 1-X61& 
pBRTM/HCV 1-1546 
pTM3/HCV M488 



y^U (335), Afcal' 
^U(335),A2*xr 

^wU (335), Mfel (9158) 
4«U (335), Nrul (8776) 
^flU(335),flmdm (7861) 
ApaU (335), Bom HI (7529) 
^wU(335),iVi/n (6954) 
ApaU (335), SnaBI (6642) 
ApaU (335), Sse8387I (6493) 
^jcU (335), Bsu36l (6209) 

(335), Bsml (5934) 
^wU (335), Sspl (5659) 
ApaU (335),AfeeI (5414) 
^cU (335), Hindi (5366) 
4»U (335), Smal (4976) 
^wU (335), Bfl/nHP" 



NcoU Spel 
NcoU Spel 
NcoU Spel 
NcoU Part 
NcoU Stul 
NcoU Part 
Ncol, Stul 
NcoU Part 
NcoU Pad 
NcoU Pacl 
NcoU Stul 
NcoU Stul 
NcoU Stul 
NcoU Stul 
NcoU Stul 
NcoU Stul 
NcoU Pstl 



0 
0 
0 
6 
0 
0 
0 
0 
0 
0 
1 
3 
1 
3 
1 
3 



DNA polymerase I or T4 DNA polymerase prior to ligation to produce blunt ends. 
' Number of predicted non-HCV C-tenninal residues prior to the first termination codon. 



pTM3/HCV 1-3011 was constructed by several subcloning 
steps and contains the entire HCV ORF and short 5' and 3' 
flanking sequences (cDNA from nucleotide 336 to 9389). The 
HCV cDNA sequence is located immediately 3' to the Ncol 
site of pTM3 which had been filled in with the Klenow 
fragment of £. coU DNA polymerase I. The 5' DNA se- 
quence (5'-. . . CCATGTGCACCATGA. . . -3') contains 
the ATG corresponding to the preferred translation initiation 
site of the EMC IRES followed, in frame, by the ATG which 
initiates the long HCV ORF. This results in the addition of 
three non-HCV amino acid residues to the N terminus of the 
predicted translation product. The 3 f flanking sequence is 
5'-. . . TGAACGGGGAGCTAGGGGATCCTOAGI. • ■ 
-3', where the termination codon of the HCV ORF is shown 
in boldface and the underlined nucleotides correspond to the 
remnants of the pTM3 Spel restriction site inactivated 
during subcloning. pTM3/HCV 1-1488 contains an amber 
termination codon, engineered by PCR, following residue 
1488 of the HCV ORF. 

Since near-full-length HCV clones in pTM3 were found to 
be difficult to propagate, a plasmid derivative with a lower 
copy number and tetracycline resistance was constructed by 
using pBR322 (designated the pBRTM series). The Xbal- 
Pvul fragment of pTM3/HCV 336-9389F, which contains the 
HCV cDNA insert as well as the flanking vaccinia virus 
sequences, was inserted into pBR322 (2) which had been 
digested with Oral and EcoRI. Prior to ligation, both DNA 
fragments were treated with T4 DNA polymerase in the 
presence of deoxynucleoside triphosphates. In the parental 
plasmid, pBRTM/HCV 1-3011, the HCV cDNA coding 
sense is oriented in the same direction as tet transcription. 



The subcloning strategies for other pBRTM expression 
constructs used in these studies are summarized in Table 2. 

Two expression constructs, pTM3/HCV 1-1488 and 
pBRTM/HCV 827-3011, were used to construct vaccinia 
virus recombinants. The corresponding vaccinia virus-HCV 
recombinants, vHCV 1-1488 and vHCV 837-3011, were 
generated by marker rescue on CV-1 cells (42) and identified 
by using the gpt selection method (17). Recombinant viruses 
were plaque purified three times under selective conditions 
prior to growth of large-scale stocks. 

Vaccinia virus transient-expression assays. For expression 
assays utilizing vaccinia virus-HCV recombinants, the indi- 
cated cell types were infected with vTF7-3 alone or in 
combination with vHCVl-1488 or vHCV 827-3011 by using a 
multiplicity of infection of 5 PFU per cell of each recombi- 
nant (as determined on BSG40 monolayers). After 30 nun at 
room temperature, the inoculum was removed and replaced 
with MEM containing 2% FBS. At 2 h postinfection, mono- 
layers were washed once with prewarmed MEM lacking 
methionine and labeled by incubation for 4 h at 37°C with 
MEM containing 1/40 the normal concentration of methi- 
onine, 2% FBS, and 50 uCi of 35 S-translabel (ICN) per ml. 

Expression assays of transfected plasmid constructs uti- 
lized subconfluent monolayers of BHK-21 cells in 35-mm 
dishes (approximately 10 6 cells) which had been previousry 
infected with vTF7-3 (5 to 10 PFU per cell) in 0.2 ml MEM 
for 30 min at 37°C. After removal of the inoculum, cells were 
transfected at 37°C by using a mixture consisting of 1 « of 
plasmid DNA and 12.5 fig of Transfectam (Promega) in 0.5 
ml of MEM. After 2.5 h, the transfection mixture was 
removed and the cells were incubated for 4 h at 37°C in 0.5 
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ml of MEM containing 1/40 the normal concentration of 
methionine, 2% FBS, and 40 uXS of 35 S-translabel (ICS) per 
ml. 

Cell lysis, immunoprecipitation, and protein analyses. La- 
beled monolayers were washed with phosphate-buffered 
saline, rysed with a solution of 0.5% SDS containing 20 u.g of 
phenylmethylsulfonyl fluoride per ml (-0.3 ml per 10 6 cells), 
and sheared by repeated passage through a 26-gauge needle. 
If the rysates were not used immediately, aliquots were 
stored frozen at -70°C. Before use, samples were heated at 
70°C for 15 min, diluted into the immunoprecipitation buffer 
containing Triton X-100 and carrier bovine serum albumin 
(57), and clarified by centrifugation at 16,000 x g for 15 min. 
Portions of each rysate were incubated with the indicated 
HCV region-specific antisera (usually 5 uJ), and the immune 
complexes were collected by using Staphylococcus aureus 
Cowan strain I (Calbiochem) as described previously (57). 
Immunoprecipitates were solubilized and analyzed by SDS- 
PAGE (39, 63). After treatment for fluorography by using 
either diphenyioxazole (40) or En 3 Hance (Du Pont), gels 
were dried and exposed at -70*C by using prefogged (40) 
X-ray film (Kodak). The apparent molecular weights of 
HCV-specific antigens were estimated by comparison with 
14 C-methy!ated marker proteins (Amersham). 

RESULTS 

Identification of HCV polyprotein processing products. To 

examine the synthesis and processing of HCV proteins in 
mammalian cell cultures, a series of expression plasmids 
were assembled from HCV H strain cDNA clones (Fig. 1C). 
These constructs were designed for expression of HCV 
polyproteins by using the vaccinia virus-T7 system, either by 
using a plasmid transfection protocol or by rescue of vac- 
cinia virus-HCV recombinants (vHCV). Uncapped mRNA 
transcripts were made by the T7 DNA-dependent RNA 
polymerase encoded by vaccinia virus recombinant vTF7-3 
and contained the EMC 5' IRES in order to achieve efficient 
cap-independent translation of HCV coding regions. To 
identify HCV-specific polyproteins and cleavage products, 
subregions of the HCV polyprotein were expressed in EL 
coh\ purified, and used to produce a panel of polyclonal 
rabbit antisera suitable for immunoprecipitation of SDS- 
denatured HCV antigens (Table 1; Fig. IB). 

Two vaccinia virus recombinants encoding overlapping 
polyproteins were used to produce the [ 35 S]Met-labeled 
HCV-specific products shown in Fig. 2. vHCVl-1488 is 
predicted to express an HCV polyprotein which initiates 
with 3 extra N-terminal residues followed by the first 1,488 
residues of the HCV ORF (Fig. 1). The second recombinant, 
vHCV827-3011, begins at Met-827 in the putative NS2 region 
and extends to the end of the HCV ORF. These two 
recombinants were used since preliminary experiments indi- 
cated that C-terminal HCV polypeptides were underpro- 
duced in cells expressing the entire HCV polyprotein (either 
infected with vHCVl-3011 or transfected with pBRTM/HCV 
1-3011). However, products of identical immunoreactivity 
and size identical to those shown in Fig. 2 are observed in 
expression studies with constructs expressing the full-length 
polyprotein (26). 

Figure 2A shows the products immunoprecipitated from 
SDS-denatured extracts from vHCV-infected BHK-21 cells. 
Antiserum WU120, directed against a fusion protein contain- 
ing HCV polyprotein residues 1 to 142, immunoprecipitated 
a protein of 21 kDa which is thought to represent the HCV 
capsid protein. Antiserum WU122, which was directed 



5-NC 



E2 



Lent ORF 3* 

[ | pnar«c/hrftritr| 1 1 , pofrnawg 



B 



120 

1-142 



105 



122 



110 

1039-1207 

127 JJL 
936-1032 1240->4U 

43 

936-1207 



111 

16510976 



123 

1977-2313 



113 

2312-2623 

115 
2622-2S72 



-3011 



-2940 



-2813 



— 2508 
• 2398 



-2205 



-2101 
•2051 



— 1957 
>1864 



— 1773 

- 1692 
•1676 



-1546 
•1488 



•3011 



827 — 

FIG. 1. HCV genome structure, region-specific antisera, and 
expression constructs. (A) Diagram of the HCV H strain genome 
RNA is shown with the 5' and 3' noncoding regions (NC) indicated 
by lines and the long ORF denoted as a box. It is not known if the 
H strain genome RNA contains a 5'-terminal cap structure or a 
3'-terminal pohy(A) (28) or pory(U) (36, 52, 67) tract. The locations 
of the putative structural proteins (30), the basic capsid protein (C) 
and two envelope glycoproteins, El and E2, are shown. Regions of 
the polyprotein containing predominantly uncharged amino acids 
are indicated as black bars. In this report, the nomenclature used to 
describe the remaining regions of the HCV polyprotein is based on 
that of the flavrviruses (for a review, see reference 4) and assumes 
similar functional organization (8, 47, 67). It appears that HCV may 
not encode a protein analogous to the secreted nonstructural NS1 
glycoprotein of flavrviruses (64). Following E2, the HCV polypro- 
tein contains a hydrophobic portion, like the NS2 region of flavivi- 
ruses, which precedes a putative serine proteinase domain (1) and 
NTPase and helicase motifs (23) which are present in the flavrvirus 
NS3 protein (58, 74). Following the NS3 region is another hydro- 
phobic region called NS4. The remaining portion of the ORF is 
referred to as the NS5 region, and the C-terminal part of this coding 
sequence contains the Gry-Asp-Asp motif characteristic of RNA- 
dependent-RNA polymerases (53). (B) The portions of the HCV 
polyprotein used as immunogens for production of polyclonal rabbit 
antisera are indicated as black lines. Above each line is the desig- 
nation for each antiserum as used in this report; below each line is 
the region of the polyprotein present in each expression construct 
(numbered from the first Met residue in the long HCV ORF). See 
Table 1 and Materials and Methods for further details. (C) Summary 
of the HCV polyprotein expression constructs used in this study 
(Table 2). Polyprotein sequences present in each construct are 
indicated by black lines which are drawn to scale and oriented with 
respect to the diagram of the HCV genome shown in panel A. 



against the putative HCV El envelope protein sequences, 
weakly immunoprecipitated a diffuse 31 -kDa protein. Sur- 
prisingly, this polypeptide was also immunoprecipitated by 
antisera WU105 and WU107, which are directed against the 
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FIG. 2. Identification of HCV polyprotein cleavage products. 
BHK-21 monolayers were infected with vTF7-3 alone (-) or coin- 
fected with vTF7-3 and either vHCV 1-1488 or vHCV 827-3011 (+) 
and labeled with 35 S-translabeI as described in Materials and Meth- 
ods. Cell rysates were prepared and immunoprecipitated by using 
the indicated HCV region-specific antisera, as described in Table 1 
and Fig. 1. As discussed in Results, lysates from cells coinfected 
with VHCV 1-1488 were used for immunoprecipitations with region- 
specific antisera WU120, WU122, WU105, and WU107. Lysates 
from cells coinfected with vHCV 827-3011 were used for immuno- 
precipitations with region-specific antisera WU110, WU117, 
WU111, WU123, WU113, and WU115. Samples were separated on 
SDS-14% poryacrylamide gels. (A) Lysates prepared from BHK-21 
cells; (B) rysates prepared from HepG2 A16 cells. HCV-specific 
proteins are identified at the left of each panel with the sizes of 
protein molecular weight markers indicated at the right. 



E2 and NS2 regions of the polyprotein, respectively (see 
Discussion). WU105 antiserum also immunoprecipitated dif- 
fuse products of 88 and 70 kDa (the smaller product being the 
putative E2 glycoprotein). The 88-kDa product was also 
immunoprecipitated by WU107 antiserum, which is directed 
against the NS2 region, and is therefore called E2-NS2. A 
predominant 23-kDa product also reacted with the NS2 
region-specific antiserum and is referred to as NS2. Anti- 
serum directed against either the putative serine proteinase 
domain (WUilO) or the helicase-NTPase domain (WU117) 
specifically immunoprecipitated a 70-kDa protein, NS3, 
which is nearly identical in size to the homologous fiavivirus 
protein. The HCV NS4 region-specific antiserum (WU111) 
reacted weakly with a 27-kDa product. (TTie 22-kDa HCV- 
specific product which is also present in this lane [as well as 
some of the other lanes] is an N terminally truncated form of 
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the NS2 protein produced by vHCV 827-3011 which often 
precipitates nonspecificalry.) Antiserum directed against the 
N-tenninal portion of the NS5 region (WU123) precipitated a 
predominant species of 58 kDa, with additional minor slower 
mobility forms (up to 68 kDa, but difficult to see in the 
exposures shown in Fig. 2), which are collectively called 
NS5A. Antiserum to the middle portion of the NS5 region 
(WU113) reacted with a 68-kDa polypeptide in addition to 
NS5A. This species, called NS5B, was also immunoprecip- 
itated by antiserum directed against the C-terminal portion 
of the NS5 region (WU115). Besides these major species, 
larger polypeptides, consistent with uncleaved polyproteins, 
were identified with several of the antisera (in particular, see 
WU110, WU117, WU123, WU113, and WU115). We are 
currently studying the kinetics of HCV polyprotein process- 
ing (41) and the identification of these possible processing 
intermediates will be discussed in detail elsewhere. 

Since hepatocytes are believed to be permissive for HCV 
infection and replication (49), we also examined the HCV- 
specific proteins expressed in the human hepatoma cell line, 
HepG2 A16. Dramatic host-specific differences in processing 
were not observed, and results essentially identical to those 
discussed above for BHK-21 cells were obtained (Fig. 2B). 
Similar patterns of processed products were also found in 
CV-1 (monkey kidney) and CHO (hamster ovary) cells (data 
not shown). 

N-linked glycosylate of HCV polypeptides. To determine 
whether any of the HCV-specific proteins expressed by 
using this system contained asparagjne-linked carbohydrate, 
lysates of %-labeled BHK-21 cells were immunoprecipi- 
tated with each region-specific antiserum and digested with 
endogrycosidase F, which removes both high-mannose and 
complex grycans (15). The only HCV-specific polypeptides 
converted to faster migrating forms by endogrycosidase F 
digestion were El, E2, and E2-NS2, suggesting that they 
contain N-linked grycans (Fig. 3). El was converted from a 
31-kDa species to a 21-kDa deglycosylated form. The pattern 
of E2-specific products was more complex, and at least three 
E2-specific endogrycosidase F digestion products were ob- 
served. The largest product (62 kDa) was also present in the 
sample immunoprecipitated with NS2 region-specific anti- 
serum (WU107), and hence probably represents deglycosy- 
lated E2-NS2. The two other discrete species, of 41 and 36 
kDa, presumably represent deglycosylated forms of E2. 
Whether these multiple forms reflect different E2 polypep- 
tide backbones or result from other posttranslational modi- 
fications is unknown (see Discussion). As mentioned above, 
although SDS-denatured lysates are heated before immuno- 
precipitation, El coprecipitates with the E2 and NS2 region- 
specific sera, and deglycosylated forms of El can be ob- 
served in these samples. These results are consistent with 
previous expression studies which have indicated that HCV 
El and E2 produced in cell-free translation systems (30) or 
mammalian (37, 45, 64) or insect cells (45) are both heavily 
modified by N-linked grycosylation. The predicted se- 
quences of the HCV H strain El (polyprotein residues 192 to 
383 [30]) and E2 (polyprotein residues 384 to -750 [30]) 
proteins contain 5 and 9 potential acceptor sites, respec- 
tively, and our data indicate that the majority of these sites 
are utilized in mammalian ceils (assuming 2 to 3 kDa per 
oligosaccharide unit). 

HCV antigens recognized by human sera. Although the 
majority of the HCV polyprotein was represented in the 
antigens used for production of region-specific sera, immu- 
nogens from some regions have not be obtained (note the 
NS2 region in Fig. 1), and the immunodominant epitopes 
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FIG. 3. Endoglycosidase F digestion of HCV glycoproteins. Cell 
monolayers were coinfected with vTF7-3 and vHCV 14488 and 
labeled with 35 S-translabel as described in Materials and Methods. 
Equivalent portions of the cell rysate were immunoprecipitated with 
WU122 (El specific), WU105 (E2 specific), or WU107 (NS2 specif- 
ic). Immunoprecipitates were resuspended and incubated overnight 
in either the absence (-) or presence (+) of endoglycosidase F. 
Digestions were conducted essentially as previously described (44 
[and references therein]). Samples were separated on SDS-14% 
polyacrylamide gels. HCV-specific proteins are identified at the left, 
and the sizes of protein molecular weight markers are indicated at 
the right. The positions of endoglycosidase F-digested forms (indi- 
cated by asterisks) are also indicated. Although not shown, parallel 
samples were analyzed from vTF7-3-infected monolayers to unam- 
biguously allow identification of the HCV-specific products (see also 
Fig. 2). 



recognized by our panel of sera have not been defined. 
Hence, some HCV-encoded polypeptides may have been 
missed in our analyses. In the hope of identifying additional 
HCV-specific cleavage products, we examined the reactivity 
of serum samples from five HCV-infected patients. Radiola- 
beled SDS-denatured lysates were prepared from BHK-21 
cells infected with vTF7-3 alone or coinfected with either 
vHCV 1-1488 or vHCV 827-3011. Coinfected rysates which 
had been pooled were used for the immunoprecipitarJon 
analyses shown in Fig. 4. All patient sera showed strong 
reactivity with NS5A and the 27-kDa NS4 product and 
various degrees of reactivity with El and C. None of the sera 
showed detectable reactivity with NS2 or its truncated form. 
A strong band migrating at -70 kDa was immunoprecipi- 
tated by all patient sera, but since E2, NS3, and NS5B all 
migrate in this size range it is difficult to interpret these 
results. In addition to these species, a small HCV-specific 
polypeptide of ~8 kDa, which had not been previously 
identified, was immunoprecipitated by serum from patients 
R, RJ, DS (weak reaction), and JHF. A similarly sized 
species was also observed in longer exposures of immuno- 
precipitations of vHCV 827-3011-infected rysates with the 
NS4 region-specific antiserum (WU111), suggesting that this 
product is derived from additional processing of the NS4 
region (see below). 

Fine mapping the positions of HCV nonstructural protein by 
deletion analyses. The reactivity of the HCV proteins with 
region-specific antisera can be used to roughly map their 
locations in the HCV polyprotein. The sizes and immunore- 
activities of C, El, and E2 from our studies are consistent 
with previous results from cell-free translation studies which 
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FIG. 4. Immunoprecipitation of HCV antigens with human anti- 
sera. Lysates from cells infected with vTF7-3 alone (-) or a mixture 
of lysates from cells coinfected with vTF7-3 and either vHCV 1-1488 
or vHCV 827-3011 (+) were used for immunoprecipitation with 
serum from five different HCV seropositive patients (denoted R, F, 
RJ, DS, and JHF. Samples were separated on SDS-14% polyacryl- 
amide gels. HCV-specific proteins are identified at the left, and the 
sizes of protein molecular weight markers are indicated at the right. 



defined cleavages after residues 191 and 383, dependent on 
microsomal membranes, to produce the N termini of El and 
E2, respectively (30). For the NS2 region, a truncated form 
of NS2 is produced in rysates infected with vHCV 827-3011 
(data not shown). This truncated product is about 1.5 kDa 
smaller than the 23-kDa NS2 protein, which suggests that the 
N terminus of NS2 is produced by cleavage in the vicinity of 
residues 805 to 815. In the case of NS3, alignment with the 
homologous flavrvirus NS3 proteins predicts a cleavage in 
the vicinity of residues 1020 to 1030, which is consistent with 
the observed reactivity of HCV NS3 with antiserum directed 
against the fusion protein encompassing residues 1039 to 
1207 but not the antiserum directed against the NS2 region 
(residues 936 to 1032). The locations of the remaining 
cleavage sites generating the putative HCV nonstructural 
proteins are less well defined. As mentioned above, NS4 
region antiserum (WU111) recognized two proteins of 27 and 
8 kDa, but their order in the polyprotein cannot be estab- 
lished from these experiments. Finally, while the order of 
NS5A and NS5B in the polyprotein is clear from the exper- 
iments presented in Fig. 2, the location of the 4-5A and 
5A-5B cleavage sites can only be roughly localized on the 
basis of the apparent sizes and immunoreactivity of these 
products. 

A more precise map of the locations of the putative HCV 
nonstructural proteins was obtained by examining the cleav- 
age products from a series of polyproteins with C-terminal 
truncations (diagrammed in Fig. 1). It should be noted that 
all of these constructs contained the putative HCV serine 
proteinase domain (approximately residues 1020 to 1207), 
which has been shown to be required for downstream 
proteolytic processing (25). Hence, if a C-terminal deletion 
does not affect processing at the normal cleavage sites, the 
sizes of truncated products should allow rough mapping of 
the C-terminal boundaries of HCV proteins. Polyproteins 
terminating at residues 2940 or 2813 produced truncated 
NS5B-specific products of 63 or 43 kDa, respectively, com- 
pared with the 68-kDa NS5B species produced by the 
full-length polyprotein (Fig. 5A). Normal NS3, NS4 region 
products (data not shown), and NS5A (Fig. SB) were pro- 
duced by these constructs, which suggests that NS5B is the 
C-terminal HCV nonstructural protein with its C terminus 
located at or very near the end of the HCV ORF. Polypro- 
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FIG 5 C-terminal boundaries of the HCV nonstructural proteins. A series of constructs encoding progressive C-terminal deletions (Table 
2 and Fig. 1) were used to map the C-terminal boundaries of NS5B (A), NS5A (B), NS4B (C), NS4A (D), and NS3 (E). BHK-21 cells 
previously infected with vTF7-3 were transfected with the indicated plasroid DNAs or mock transfected (m) and labeled with S-translabel 
as described in Materials and Methods. Cell rysates were prepared, and HCV-specific antigens were immunoprecipitated by using rabbit 
antiserum WU115 (A), WU123 (B), or human serum from patient JHF (C, D, and E). Immunoprecipitated proteins were separated by 
electrophoresis on 10% (A and B), 14% (Q, or 8% (E) poIyacrylarnide-SDS gels or a 14% poryacrylamide tricine gel (D). In the case of the 
NS5A-specific (WU123) immunoprecipitation products (B), it should be noted that a nonspecific protein comigrates with the predominant 
form of the NS5A protein. HCV-specific proteins are identified at the left of each panel, and the sizes of protein molecular weight markers 
are indicated at the right. 



teins terminating at residues 2398, 2205, 2101, or 2051 
produced NS3 and NS4 region species identical to the 
full-length polyprotein (data not shown; also see Fig. 5Q. 
However, the construct terminating at residue 2398 pro- 
duced an NS5A-specific species of 53 kDa, truncated by 
about 5 kDa (Fig. 5B). This suggests that the 5A-5B cleavage 
site lies between residues 2398 and 2508 (near residue 2440, 
on the basis of the size of the truncated NS5A product). 
Polyproteins terminating at residues 1957 and 1864 produced 
truncated NS4 forms of 25 and 14 kDa (Fig. 5Q f respec- 
tively, mapping the cleavage site producing the C terminus 
of the 27-kDa NS4 region species to between residues 1957 
and 2051 (near residue 1975). This protein is subsequently 
referred to as NS4B. Analyses to define the C-terminal 
boundaries of the 8-kDa NS4 region species and NS3 are 
shown in Fig. 5D and E. The polyprotein terminating at 
residue 1773 produced the 8-kDa NS4 region species, but 
this product disappeared after truncation to residue 1692 
(Fig. 5D). This species is subsequently referred to as NS4A, 
and the data suggest that the 4A-4B cleavage site lies 
between residues 1692 and 1773. The polyprotein terminat- 
ing at residue 1692 produced normal NS3; however, the 
construct truncated to residue 1676 produced a slightly 
larger (-1-kDa) form, suggesting that 3-4A cleavage had 
been blocked (Fig. 5E). The 1-1546 polyprotein produced a 
63-kDa form of the NS3 protein, truncated by about 7 to 8 
kDa. These data are consistent with NS3-NS4A cleavage 
between residues 1546 and 1676, probably near residue 1665. 



Although N- and C-terminal sequence analyses will be 
needed to define the precise boundaries of the HCV poly- 
protein cleavage products, these results establish a prelimi- 
nary map of the HCV H strain-encoded polypeptides and 
cleavage sites. The HCV polyprotein organization defined 
by these expression studies is C(p21>El(gp31)-E2(gp70)- 
? - NS2(p23) - NS3(p70) - NS4A(p8) - NS4B(p27) - NS5 A(p58>- 
NS5B(p68). These results are summarized in the diagram 
shown in Fig. 6, in which the sizes and locations of the 
cleavage products are drawn to scale on the basis of the data 
presented in this paper and elsewhere (25, 30). 

DISCUSSION 

The vaccinia virus transient-expression system has been 
used for numerous studies examining processing of RNA 
virus polyproteins. In general, the results from these studies 
mimic the authentic processing reactions observed in virus- 
infected cells. However, since an efficient cell culture repli- 
cation system is lacking for HCV, such a comparison is not 
yet possible. With this caveat in mind, several points have 
emerged from our studies. 

Consistent with previous studies (6, 29, 37, 38, 45, 64), 
expression of the full-length HCV polyprotein or truncated 
derivatives containing the putative structural region led to 
the production of a 21-kDa N-terminal product believed to 
represent the HCV capsid protein and two glycoproteins 
which were heavily modified by N-linked glycosyiation, 
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FIG. 6. Summary of HCV poryprotein processing products. 
HCV cleavage products as identified in this vaccinia virus transient- 
expression study are indicated below a diagram of the HCV pory- 
protein (lasted as in Fig. 1). Putative cleavage sites for host 
signalase identified by cell-free translation studies (30) are indicated 
by filled diamonds. In the top diagram, sites of poryprotein cleavage 
mediated by unknown proteinases are indicated (?). The nomencla- 
ture used for HCV polypeptides follows that of the fiavrviruses (55, 
56). The observed sizes for HCV proteins (p) and glycoproteins (gp) 
are indicated. For the glycoproteins (El, E2, and E2-NS2), the sizes 
of the endoglycosidase F-resistant forms are given in parentheses. 
Although not identified in this study, the NS2 region may encode an 
additional product(s) (?). The apparent molecular mass of E2-NS2 is 
88 kDa, as measured by SDS-12% PAGE, but it migrates as an 
82-kDa species on 8% polyacrylamide gels. Asterisks denote pro- 
teins with N-linked glycans but do not necessarily indicate the 
position or number of sites utilized. See the text for further 
discussion. 



designated El (31 kDa) and E2 (70 kDa). In addition to these 
products, an 88-kDa glycoprotein reacting with both E2 and 
NS2 region-specific antisera was identified. Preliminary 
studies indicate that this E2-NS2 protein may represent a 
precursor to E2 (24). However, several observations suggest 
that processing in the E2-NS2 region is complex. Endogly- 
cosidase F digestion of E2, which migrates as a broad band 
on our SDS gels, produces at least two species of 36 and 41 
kDa (obvious heterogeneity is also apparent in the 41-kDa 
product). The relationship of these two species is not yet 
clear. In addition, it is difficult to propose a simple process- 
ing model for this region on the basis of the apparent sizes of 
the E2 species, NS2, and E2-NS2. The NS2 protein is 23 
kDa, with its C terminus predicted in the vicinity of residues 
1020 to 1030. Given that cell-free translation studies have 
defined the putative signalase cleavage site generating the E2 
N terminus after residue 383 (30), this predicts that the 
polypeptide backbone of an E2-NS2 precursor should be 
-71 kDa. However, the endoglycosidase F digestion prod- 
uct derived from the 88-kDa E2-NS2 glycoprotein is only 62 
kDa. If the N-terminaJ residue of E2-NS2 is 384, then a 
polypeptide with a predicted size of 62 kDa would barely 
overlap with the NS2 region used to produce our NS2 
region-specific antiserum. Although these products may 
simply exhibit aberrant migration on SDS-poIyacrylamide 
gels, it is also possible that alternative proteolytic processing 
or other posttranslational modifications are occurring in the 
E2-NS2 region, leading to the production of multiple forms 
of E2 with possibly distinct biological functions in HCV 
replication. Alternatively, the two endoglycosidase F-resis- 
tant forms of E2 could reflect a delayed cleavage in the 
maturation of HCV E2, similar to those observed for the 
spike glycoproteins of many enveloped viruses (65). Inter- 
estingly, pulse-chase studies with a CHO cell line expressing 



the HCV structural region indicate that the 70-kDa form of 
E2 is chased to a 68-kDa species (64), although the nature of 
this modification has not been defined. Finally, from the 
observed versus the predicted sizes of the various E2 and 
NS2 species, it is also possible that one or more polypeptides 
from the NS2 region have gone undetected in our studies 
(labeled ? in Fig. 6). In this regard, a 10-kDa HCV-specific 
product appears to be recognized by several human sera 
when a nonionic detergent, rather than SDS, is used for 
preparation of cell rysates (data not shown). Additional 
immunological reagents, kinetic analyses, and N-terminal 
sequence data will be necessary to further clarify processing 
in this region. _ _ 

An intriguing observation was that El was coprecipitated 
by both E2 and NS2 region-specific antisera (Fig. 2 and 4), 
even though samples were denatured by heating in SDS prior 
to immunoprecipitation. Prior reduction of samples with 
dithiothreitol dramatically reduced the amount of El asso- 
ciated with E2 or E2-NS2, suggesting that these proteins 
might be linked, either directly or via other proteins, by 
disulfide bonds (24). This point is of particular interest, since 
previous studies with hog cholera virus, a pestrvirus, have 
shown that the three virion glycoproteins are present as 
disulfide-linked horoodimers (gp44/48 and gp55) and het- 
erodimers (gp35-gp55) in purified virions (69), in infected 
cells (70), and when expressed via a vaccinia virus recom- 
binant (59). This is in contrast to the flavrvirus West Nile 
virus (WN)> in which the envelope protein precursors, prM 
and E, are associated as a stable heterodimer in nonionic 
detergent, but not by disulfide bridges (73). Although further 
studies are needed to clarify the situation with HCV, pre- 
liminary analyses with the vaccinia virus expression system 
indicate that some but not all of the putative virion envelope 
proteins are associated as discrete disulfide-linked oligomers 
which are formed soon after synthesis (24). 

The HCV-specific proteins produced by processing of the 
remainder of the polyprotein are remarkably similar to those 
of the pestrviruses and fiavrviruses (for reviews, see refer- 
ences 4, 10, and 58). The 70-kDa HCV NS3 protein is nearly 
identical in size to the homologous NS3 protein of fiavrvi- 
ruses (p80 in the case of some pestrviruses). For fiavTviruses 
(58) and pestrviruses (75), the N-terminal one-third of this 
protein has been shown to function as a serine proteinase 
mediating several cleavages in the viral poryproteins, and 
similar results have now been obtained for HCV (25). The 
remainder of the protein contains motifs characteristic of 
NTPases and heiicases (23), and for WN virus this domain 
has been shown to possess NTPase activity (74). For strains 
of the pestrvirus bovine viral diarrhea virus (BVDV), a 
fascinating correlation has been made between production of 
p80 and virus-induced cytopathic effect and fatal mucosal 
disease (46 [and citations therein]). In noncytopathic strains, 
the cleavage producing the N terminus of p80 does not 
occur, resulting in the production of pl25 (p54-p80 polypro- 
tein). In cytopathic strains isolated from animals with mu- 
cosal disease, which sometimes occurs after congenital 
transmission of BVDV, insertion of host sequences and/or 
duplications in the BVDV genome RNA allow production of 
both pl25 and p80 (46). Thus far, it appears that processing 
at the equivalent cleavage site (2-3) occurs efficiently in 
flavrvirus-infected cells (58) and for the HCV H strain (at 
least as assayed by transient expression using vaccinia 
virus). Whether the efficiency of the 2-3 cleavage in these 
viruses will also correlate with the severity of cytopathic 
effects and pathogenesis remains to be determined. Given 
the growing number of divergent HCV isolates (68; see 
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reference 33 for a review) and the high mutation rate and 
evolution of this virus during chronic infection of primate 
hosts (43, 50, 51, 71), it will be of interest to see if 
strain-specific differences in processing which correlate with 
clinical disease can be found. 

Immediately C terminal to the NS3 protein, the relatively 
hydrophobic NS4 region is processed to yield two proteins, 
NS4A (8 kDa) and NS4B (27 kDa). Similar processing events 
occur in this region of the flavivinis and pestivirus porypro- 
teins, but the function of these small proteins in virus 
replication is unknown. For most flavivinises, NS4A has 
been difficult to identify because of a lack of immune 
reagents and possible instability of the protein, but this 
region of the polyprotein encompasses about -16 kDa of 
protein coding sequence. In pestiviruses, the corresponding 
region is processed to yield the plO protein. The following 
protein, NS4B or p30 for the pestiviruses (46), appears to be 
similar in size for all three flavivirus genera. Finally, two 
proteins are derived from the HCV NS5 region, NS5A (58 
kDa) and the C-terminal NS5B product (66 kDa). The HCV 
NS5B protein is predicted to contain the RNA-dependent 
RNA polymerase activity on the basis of the presence of the 
characteristic Gry-Asp-Asp sequence (residues 2737 to 2739) 
and surrounding conserved motifs (53). This is similar to the 
case for pestiviruses, which also produce two cleavage 
products, called p58 and p75. In fiaviviruses, the NS5 region 
is not further processed but remains as a single polypeptide 
of -100 kDa (905 residues in the case of yellow fever virus). 

The experiments reported here have given us a prelimi- 
nary picture of HCV polyprotein organization and process- 
ing. However, this view is far from complete, and additional 
studies are needed to define polyprotein cleavage sites and 
the responsible proteinases and to verify that the products 
observed in these expression studies are similar to those 
produced in authentic HCV infections. Such information 
should prove valuable for expression and characterization of 
HCV-encoded enzymes as potential targets for antiviral 
therapy and will allow future studies to be undertaken to 
assess the involvement of individual HCV polypeptides in 
the establishment of chronic infections, vims-induced cyto- 
pathic effects (if this is the case), and evasion of immuno- 
logical surveillance and to determine if these proteins play a 
direct role in the association of HCV with hepatocellular 
carcinoma. 
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